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13  The  papers  contained  in  this  volume  were  originally  presented  at  the 
Symposium  on  the  Chemical  Vapor  Deposition  of  Metals  and  Ceramics  held  at 
the  Fall  Meeting  of  the  Materials  Research  Society  in  Boston, 
Massachusetts  on  December  4-6,  1991.  This  symposium  was  sponsored  by  the 
Director  of  Electronic  and  Materials  Sciences  -  Air  Force  Office  of 
Scientific  Research  and  the  U.S.  Department  of  Energy. 

The  volume  leads  off  with  papers  on  the  fundamentals  of  CVD.  Highlighting 
these  are  the  invited  papers  by  C.  Bernard  and  R.  Madar,  and  by  Soleyman 
Gokoglu.  They  respectively,  discuss  the  thermochemistry  of  CVD  and  the 
choice  of  halide  gas  species,  and  CVD  modeling  for  high-temperature 
materials.  Bernard  and  Madar  noted  the  importance  of  thermochemical 
analysis  in  the  choice  of  reactions.  Gokoglu  commented  on  the  relative 
difficulty  of  modeling  and  the  hierarchy  of  what  is  understood  today. 
Other  papers  on  fundamentals  discussed  kinetics  and  mass  transport  in  CVD, 
with  an  emphasis  on  silicon  carbide  deposition. 

A  new  and  exciting  area  involves  in  situ  diagnostics  in  CVD.  The  papers 
emphasize  both  the  importance  of  in  situ  diagnostics  and  how  this  area  is 
just  now  emerging.  The  chapter  on  microstructure-process-property 
relationships  reveals  the  ability  to  control  the  CVD  coatings  to  a  level 
not  seen  before.  Coatings  of  more  than  one  phase  are  now  routinely 
deposited  to  obtain  material  with  a  variety  of  properties.  Chemical  vapor 
infiltration  to  produce  composite  materials  in  the  subject  of  a  chapter 
and  includes  considerable  discussion  of  the  modeling  of  the  infiltration 
process,  which  is  becoming  quite  advanced. 

The  chapter  on  organometallic  CVD  focusses  on  a  number  of  issues  related 
to  precursors  and  the  mechanisms  of  deposition.  In  light  of  the  interest 
in  high-temperature  superconductors,  a  good  bit  of  the  reported  work 
revolved  around  copper  precursors.  The  last  section  is  on  the  CVD  of 
diamond.  The  papers  report  on  nucleation  studies,  the  nature  of  the 
plasma  in  plasma  CVD  of  diamond,  and  in  novel  techniques  for  growth. 
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Preface 


The  papers  contained  in  this  volume  were  originally  presented  at  the  Symposium  on  the 
Chemical  Vapor  Deposition  of  Metals  and  Ceramics  held  a'  the  fall  Meeting  of  the  Materials 
Research  Society  in  Boston.  Massachusetts  on  December  4-6.  1991.  This  symposium  was 
sponsored  by  the  Directorate  of  electronic  and  Materials  Sciences  -  Air  Force  Office  of 
Scientific  Research  and  the  U  S.  Department  of  Energy. 

The  volume  leads  off  with  papers  on  the  fundamentals  of  CVD.  Highlighting  these  are 
the  invited  papers  by  C.  Bernard  and  R.  Madar.  and  by  Suleyman  Gokoglu.  They, 
respectively,  discuss  the  thermochemistry  of  CVD  and  the  choice  of  halide  gas  species,  and 
CVD  modeling  for  high  temperature  materials.  Bernard  and  Madar  noted  the  importance  of 
thermochemical  analysis  in  the  choice  of  rear  .ants.  Gokoglu  commented  on  the  relative 
difficulty  of  modeling  and  the  hierarchy  of  what  is  understood  todav .  Other  papers  on 
fundamentals  discussed  kinetics  and  mass  transport  in  CVD.  with  an  emphasis  on  silicon  carbide 
deposition. 

A  new  and  exciting  area  involves  in  s.tu  diagnostics  in  CVD  The  papers  emphasize 
both  the  importance  of  in  situ  diagnostics  and  how  this  area  is  just  now  emerging  The  chapter 
on  microstructure-process-property  rel  itionships  reveals  the  ability  to  control  the  CVD  coalings 
to  a  level  not  seen  before.  Coatings  of  more  than  one  phase  arc  now  routinely  deposited  to 
obtain  material  with  a  variety  of  properties.  Chemical  vapor  infiltration  to  produce  composite 
materials  is  the  subject  of  a  chapter  and  includes  considerable  discussion  of  the  modeling  of  the 
infiltration  process,  which  is  becoming  quite  advanced 

The  chapter  on  organometallic  CVD  focuses  on  a  number  of  issues  related  to  pre  .ursors 
and  the  mechanisms  of  deposition.  In  light  of  the  interest  in  high-temperature  superconductors, 
a  good  bit  of  the  reported  work  revolved  around  copper  precursors.  The  last  section  is  on  the 
CVD  of  diamond.  The  papers  report  on  nudeation  studies,  the  nature  of  the  plasma  in  plasma 
CVD  of  diamond,  and  on  novel  techniques  for  growth. 
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abstract 

The  production  of  thin  or  thick  films  of  metals  or  ceramics  by  chemical  vapour 
deposition  has  often  been  achieved  by  the  use  of  halide  gas  precursors.  In  certain  cases,  this 
choice  was  made  purely  for  reasons  of  simplicity:  gas  cylinder  available,  gas  species  already 
used  in  another  field,  etc.  Experience  has  subsequently  shown,  however,  that  this  choice 
can  give  rise  to  significant  changes  in  the  nature  and  proportions  of  deposited  phases.  These 
are  highly  dependent  upon: 

-  the  value  of  the  oxidiser.reducer  ratio  in  the  gas  phase, 

-  the  degree  of  metal  oxidation  in  the  halide  considered, 

-  possible  competition  between  two  reducing  agents  designed  to  reduce  the  halide. 
These  factors,  among  others,  strongly  influence  the  thermochemistry  of  the  deposition 

reaction.  Their  roles  must  therefore  be  clearly  understood,  interpreted  and  predicted  by  the 
thermochemical  analysis.  Based  on  examples  relating  to  silicide,  nitride  and  boride  deposits, 
an  attempt  will  be  made  to  determine  the  sensitive  parameters  and  to  deduce  selection 
criteria. 

INTRODUCTION 

In  the  deposition  processes  currently  used  for  producing  thin  or  thick  films,  a  wide 
variety  of  chemical  species  and  reactions  is  involved:  thermal  decomposition  of  metal 
carbonyls,  metal-organic  compounds,  hydrides,  halides,  hydrogen  reduction  of  various  gas 
carriers,  disproportioning  reactions,  etc.  Of  all  these  various  possibilities,  the  deposition 
processes  based  on  halides  have  high  potential  for  industrial  development.  Some  relatively 
recent  examples  give  undeniable  evidence  of  this:  thin  films  of  Si  |1]  or  W  (2)  in 
electronics,  protective  SiC  ]3|  orTiN  14]  deposits  for  coatings.  Halide  compounds  are  not 
however  always  used  in  the  best  manner,  especially  in  the  semi-conductor  field.  With  a 
view  to  improving  the  approach  to  these  systems,  this  article  aims  to  bring  to  light  the  most 
sensitive  parameters  and  to  propose  selection  criteria. 
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THERMOCHEMICAL  ASSESSMENT  INSTRUMENT 

The  standard  halide  molecule  can  be  written  MX,.  In  this  work,  M  may  be  a  transition 
metal  in  group  IIIa  to  lib  in  the  periodic  table  or  even  an  element  belonging  to  group  lllh  to 
VIb,  where  X  is  the  halogen  F,  Cl.  Br  or  1.  The  first  basic  question  to  be  asked  regarding 
the  feasibility  of  a  CVD  process  is  simply  how  stable  is  the  molecule?  This  is  one  of  the  key 
factors  in  the  CVD  reaction  since,  if  this  molecule  is  to  be  transported,  it  must  have  a 
sufficiently  high  saturation  vapour  pressure  at  relatively  low  temperatures.  This  assumes, 
therefore,  a  fairly  stable  molecule.  But  as  it  must  also  be  capable  of  decomposing  on  the 
substrate  at  medium  temperatures  (the  current  trend  being  towards  lowering  this 
temperature),  the  molecule  obviously  must  not  be  too  stable.  To  study  the  relative  stability 
of  different  gas  molecules,  it  is  possible,  where  specific  process  requirements  permit,  to  try 
different  types  of  metal  M  from  different  groups  in  the  periodic  table  (cf.  Table  1 ),  to  vary 
the  nature  of  M  or  X  within  the  same  group  in  the  table  (c  f.  Table  2).  or  to  change  the  value 
of  x  (cf.  Table  3). 

From  these  three  tables,  it  is  clear  that  there  is  no  clear-cut  way  of  finding  trends  or 
fixing  general  rules,  except  for  the  well-known  reduction  in  stability  for  a  given  M  and  x 
when  changing  from  fluoride  to  chloride  to  bromide  to  iodide. 

To  obtain  the  broadest  possible  view  of  the  thermochemistry  of  the  systems 
considered,  it  will  therefore  be  necessary  to  simulate  the  complex  chemical  equilibria 
involved  [5],  [6]  and,  using  the  various  representation  methods  available,  such  as  CVD 
diagrams,  or  efficiency  diagrams,  study  the  changes  observed  from  one  halide  to  the  next  as 
well  as  the  modifications  caused,  for  a  given  system,  by  varying  such  parameters  as  partial 
and  total  pressure  or  temperature.  The  software  used  for  these  simulations  is  based  on 
minimisation  of  the  Gibbs  total  free  energy  of  the  system  (7). 


TABLE  1 

Gibbs  energy  of  formation  at  1000  K  of  certain  gaseous  chlorides  MCI2 
of  the  fourth  line  in  the  periodic  table. 


Species 

AG 

kj  mol'1 


T1CI2 

-260 


VC12 

-242 


MnCl2 

-293 


FeCl2 

-187 


C0O2 

-137 


ZnCl; 

-272 


TABLE  II 

Gibbs  energy  of  formation  at  1000  K  of  gaseous  chlorides  MCU  of  groups  IVa  and  Va 
of  titanium  halides  TiX3  in  kJ  mol1. 
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Group  IVa 

TiCLt 

ZrCLt 

HfCU 

-642 

-755 

-771 

Group  V1a 

CrCU 

M0CI4 

WCU 

-323 

-285 

-239 

Group  VIIB 

TiF3 

TiClj 

TiBr3 

T1I3 

-204 

-1143 

-490 

-381 

TABLE  III 

Gibbs  energy  of  formation  at  1000  K  of  the  gaseous  chlorides  TiClx,  WC1X  and  MoCl 

x  >n 

kj  mo!1. 

X 

1 

2 

3 

4  5 

6 

TiClx 

49 

-260 

-490 

-642 

WC1X 

439 

-239  -234 

-220 

MoClx 

-285  -264 

-170 

RELIABILITY  OF  THE  INSTRUMENT 

The  thermodynamic  approach  is,  of  course,  only  the  first  stage  in  the  optimisation  of  a 
CVD  experiment  [81,  and  which  is  often  performed  for  a  closed  system,  supposedly  at 
equilibrium.  However,  with  regard  to  the  choice  of  reacting  species  and  sensitivity  of  the 
chemical  system  to  forces  induced  by  reactional  parameters,  this  preliminary  approach 
already  provides  a  mine  of  information. 

To  illustrate  the  reliability  of  the  thermodynamic  analysis,  a  favourable  case  was 
chosen.  However,  the  complexity  of  the  case  studied  indicates  just  how  powerful  this 
approach  can  be.  Figure  1  shows  part  of  the  tungsten  silicide  deposition  diagram 
corresponding  to  the  phases  deposited  from  a  WCl4-5iH4-H2-Ar  mixture  for  a  pressure  of 
1 .31  10‘^Atm  and  a  temperature  de  873  K,  with  an  argon  dilution  of  PAr  =  1  ■  18.10'3Atm 
[9).  To  the  now  classical  domains  have  been  added  the  shaded  areas  which  correspond  to 
the  impact  of  the  combined  effect  of  uncertainties  concerning  thermodynamic  data  involved 
in  the  calculation.  The  boundaries  of  the  various  domains  are  known  to  a  satisfactory  degree 
in  this  case.  The  points  A,  B,  C,  D,  E  were  then  selected  for  experimental  testing  of  the 
thermodynamic  analysis  predictions.  The  theoretical  and  experimental  results  presented  in 
Table  4  show  excellent  agreement. 
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Figure  1:  Computed  equilibrium  CVD  phase  diagram  at  873  K  for  a  \VCl4-SiH4-H2-Ar 
gas  mixture.  Total  pressure  1.31  10'3  atm,  argon  dilution  1.18  10  3  atm.  'q' 


TABLE  IV 

Solid  phases  predicted  by  the  thermodynamic  simulation  compared  to  experimental  results. 

Experimentally  identified 


Position  in  CVD  phase  diagram  Computed  phases  (XRD)  phases 

A  Si-WSi2  S1-WS12-W5S13 

B  WSi2  WSi7 

C  WS12-W5S13  WSi2-WjSi.i 

D  WSi2-W5Si3  WSij-WjSij 

E  W5Si3  W5SivW 
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IMPORTANCE  OE  CHOICE  OK  M  AND  X 

The  study  for  selecting  the  most  suitable  disilicide  to  replace  polycrystalline  silicon  is 
a  good  example  in  more  ways  than  one  ( 10].  For  a  MXx  +  SiFU  +  H2  gas  mixture,  this 
study  highlighted  the  following: 

-  the  repercussions  of  the  choice  of  M  on  the  ease  with  which  it  will  be  possible  to 
obtain  M2Si.  In  this  respect,  the  size  of  the  respective  deposition  domains  of  WS12,  TaSij 
and  TiSh  on  figures  2,  3, 4  is  worthy  of  note, 

-  the  importance  of  the  choice  of  X  with,  in  certain  specific  cases,  an  additional 
indication  of  the  role  that  could  be  played  by  the  halide  which  sometimes  forms  after 
decomposition  of  the  halide  initially  introduced  in  the  reactor.  For  example,  the  replacement 
of  WClft  by  WF6,  apart  from  its  catastrophic  effect  on  the  size  of  the  WSi2  deposition 
domain,  has  considerably  increased  the  size  of  the  W  deposition  domain  (cf.  Figure  2  and 
5).  This  is  not  due  to  the  increase  in  stability  of  the  WF6  molecule  with  respect  to  WC16 
since,  for  both  of  these  c„ses,  under  the  stated  calculation  cunc  ons,  all  the  available  W  is 
deposited  in  one  form  or  another.  The  modification  in  fact  originaies  from  the  lower  stability 
of  the  gaseous  SiCU  halide  formed  which  consumes  much  less  silicon  than  the  SiFa 
molecule, 

-  the  difficulties  encountered  in  depositing  titanium  by  CVD  from  TiCLj.  despite  the 
fact  that  the  deposition  of  tungsten,  whether  selective  or  not,  from  halides  is  reputed  to  be 
easy  (cf.  figures  2,  3  and  4).  The  case  of  tantalum  is  an  intermediate  one  as  only  a  Ta  + 
Ta3Si  co-deposit  is  obtained  under  the  conditions  studied.  This  throws  some  light  on  the 
manner  of  changing  from  one  case  to  another  and  it  may  also  show  how  experimental 
parameters,  such  as  temperature  or  pressure,  modify  this  changeover.  Figures  6  and  7  show 
how  sensitive  the  extent  of  the  Ta  +  TajSi  co-deposition  range  is  to  temperature  changes 
[11]. 

IMPORTANCE  OF  CHOICE  OF  X 

Table  3  shows  that  the  stability  of  the  halide  molecule  used  may  increase  with  the 
degree  of  oxidation  x  -  this  is  the  case  for  titanium  chlorides  -  or,  conversely,  decrease  -  as 
is  the  case  for  molybdenum  chlorides,  or  remain  relatively  constant,  as  for  WCI4,  WCI5  and 
WClfi.  Depending  on  the  stated  objective,  it  will  be  possible  to  benefit  from  such  trends. 
For  example,  to  deposit  titanium  nitride  from  a  TiCU-N2-H2  mixture  on  a  temperature- 
sensitive  substrate,  it  is  relatively  difficult  to  reduce  the  substrate  temperature  below  a 
certain  threshold.  This  result  was  obtained  by  choosing  a  less  stable  halide,  TiCl3,  which  is 
formed  by  pre-reducing  T1CI4  on  titanium  [12],  The  transformation  caused  by  this  simple 
change  in  value  of  x  can  be  seen  on  the  deposition  diagrams:  figures  8  and  9. 


Figure  2:  Computed  equilibrium  CVD 
phase  diagram  at  1000  K,  1  atm  total 
pressure,  and  0,9  atm  Ar  partial  pressure 
gas  system:  W-Si-Cl-H-Ar.  f*0) 


Figure  3:  Gas  system  Ta-Si-Cl-H-Ar, 
same  conditions  as  in  fig.  2.  HOI 


Figure  4:  Gas  system  Ti-Si-Cl-H-Ar,  Figure  5:  Gas  system  W-Si-F-H-Ar, 
same  conditions  as  in  fig.  2.  l*°l  same  conditions  as  in  fig.  2.  l,0l 


Figure  6:  Gas  system  Ta-Si-Cl-H-Ar  at  Figure  7:  Gas  system  Ta-Si-Cl-H-Ar, 
1000  K.  same  conditions  as  in  fig  2  same  conditions  as  in  fig.  6  except  the 
except  S1H4  which  is  replaced  by  temperature  which  is  equal  to  850  K.i"! 
SiH2CI2.fl! 


Figure  8:  Computed  equilibrium  CVD 
phase  diagram  at  1 1  fX)  K,  5.25  l()-2atm 
total  pressure.  The  initial  molar  fractions 
ploted  correspond  to  a  TiCLj-N2-H2  gas 
mixture  where  Cl/Ti=4. 1'2) 


Figure  9:  Computed  equilibrium  CVD 
phase  diagram,  same  conditions  as  in  fig. 
8  except  the  ratio  Cl/Ti=3.  I'2' 
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CONTROLLING  PARTIAL  PRESSURES  OF  HALOGEN  CARRIERS 

When  a  halide  is  available  in  gas  cylinder  form,  eg.  WFfi,  BCI3.  the  possibility  of 
controlling  its  partial  pressure  by  means  of  a  simple  mass  flow-meter  is  most  attractive.  This 
simple  logic  is,  in  many  cases,  the  main  reason  why  certain  industrial  choices  are  made  and 
which  occasionally  prove  to  be  disastrous.  Moreover  certain  halides  are  in  the  liquid  phase 
at  room  temperature,  TiCLj  for  example,  with  vapour  pressures  allowing  quantitative 
entrainment  thanks  to  an  optimised  reflux  column  1 1 3).  However,  many  of  these  halides  are 
solid  at  room  temperature  and  their  sublimation  proves  difficult  to  control.  In  such  cases,  in- 
situ  halogenation  would  seem  to  be  an  interesting  alternative  and  has  already  been 
successfully  practised  in  the  synthesis  of  group  III- V  materials. 

The  major  problems  raised  by  the  implementation  of  such  a  technique  are  as  follows: 

-  existence  of  multiple  degrees  of  oxidation  which,  at  first  sicht,  create  problems  for 
quantitative  monitoring  of  the  reaction, 

-  the  halides  formed,  often  stable,  may  co-exist  with  the  metal  in  the  halogenation 
reactor  and  may  redeposit  in  the  pipes  between  the  halogenation  cell  and  the  deposition 
chamber. 

The  two  apparent  problems  described  above,  by  occurring  simultaneously,  can  in  fact 
provide  a  very  high  performance  means  of  controlling  the  partial  pressures  involved,  once 
the  drawbacks  of  spurious  deposition  have  been  overcome  by  minimising  transport 
distances  and  by  adequate  heating  of  the  transports  ducts. 

Take,  for  example,  the  case  of  the  in-situ  chlor, nation  of  tungsten  which  occurs  during 
production  of  WS12  for  electronics  applications  (14),  cf.  figure  10.  Calculations  show  that  a 
flow  of  chlorine  with  the  addition  of  argon  over  tungsten  between  600  and  1200  K,  under  a 
total  pressure  of  1.31  10'^  Atm,  is  accompanied  by  the  formation  of  WCl2(s),  a  solid  in  its 
stability  range  (it  is  supposed  to  decompose  around  862  K),  and  several  gaseous  chlorides 
which,  by  order  of  importance,  are  WCU,  WCI2,  WCI5  and  WCI3. 

The  first  reaction  to  this  is  to  try  to  avoid  the  presence  of  condensed  chloride,  either 
by  working  at  a  higher  temperature  or  by  lowering  the  iotal  pressure  to  below  the  saturating 
partial  pressure.  On  further  thought,  however,  it  may  be  noted  that  the  formation  of 
WCl2(s)  in  contact  with  W(s)  enables  a  step-by-step  control  of  all  the  partial  pressures  of 
gaseous  tungsten  halides  present: 

WCl2(s)  **  WCl2(g) 
at  constant  temperature  PWCl2<g)  is  fixed 

2WCl2(s)  or  (g)  tj  WCl4(g)  +  W(s) 

PWCl4(g)  is  fixed  by  this  equilibrium. 

2WCU(g)  t?  WCl2(g)  +  WCI6(g) 

PWCl(;(g)  is  in  turn  fixed,  and  so  on  ... 


500  1000  1500 

temperature  (Kt 


Figure  10:  Equilibrium  mole  numbers 
of  tungsten  chlorides  versus 
chlorination  temperature  for  a  O2  Ar 
gas  mixture.  Total  pressure  1.31  10  ^ 
atm,  1.31  ICHatm  Clj  partial  pressure 
and  an  excess  of  10  moles  of  W.  I|41 


To  summarise,  in  a  such  a  reactor,  the  experimental  worker  in  fact  has  total  control  of  the 
reaction,  in  spite  of,  or  rather  thanks  to  the  complexity  of  the  phases  involved. 

This  type  of  action  has  been  used  in  more  complex  systems  such  as  the  activation 
cementation  system  where  the  formation  of  gaseous  metallic  halides  at  the  surface  of  a 
donor  pre  alloy  (or  cement)  is  based  on  the  same  principle  |15|. 

First  of  all,  to  establish  the  parallel  with  tungsten,  a  simple  aluminisatton  system  may 
be  considered.  It  suffices  to  place  a  surplus  amount  of  A1F3(s),  activating  material,  in  the 
presence  of  Al(s),  donor  alloy.  As  before,  at  a  given  temperature,  the  partial  pressure  of  the 
gaseous  halides  A’.Fj,  A1F,  AIF2,  AI2F6  can  be  blocked.  If  several  elements  are  to  be  co¬ 
deposited,  an  alloy  of  suitable  composition  must  be  used  in  place  of  aluminium.  This 
composition  must  correspond  to  a  two-phase  domain  for  a  binary  donor  alloy  or  to  a  three- 
phase  domain  for  a  tertiary  donor  alloy. 

Take  for  example  the  co-deposition  of  aluminium  and  hafnium  on  nickel  alloy  foil 
1 15).  At  constant  temperature  we  have: 

AIF3(s)  AlFyfg) 

PAlFyfg)  is  fixed 

2AlFj(g)  +  «A1»  -»  3Alf:2(g) 

If  the  aluminium  activity  in  the  donor  alloy  is  blocked,  a«Al»  is  constant  and  PAl^fg)  is 
fixed.  The  same  can  be  said  for  all  the  partial  pressures  of  aluminium  fluoride  species.  It 
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then  remains  to  determine  the  hafnium  activity  which  will  enable  the  final  optimum 
concentration  to  be  obtained,  by  transport.  For  a  required  aluminium  activity  in  the  alloy, 
the  computer  software  gives  the  patiai  pressures  of  the  gaseous  species  formed,  and 
HfF4(g)  in  particular  -  the  only  quant. “lable  gaseous  hafnium  halide  present  -  as  a  function 
of  an  arbitrarily  fixed  hafnium  activity,  cf.  figure  1 1.  With  this  type  of  representation,  the 
value  of  the  most  beneficial  activities  can  be  fixed  and  the  composition  of  the  corresponding 
donor  alloy  found. 


Figure  11:  Evolution  of  the 
equilibrium  partial  pressure  in 
the  gas  phase  as  a  function  of 
the  hafnium  activity  in  the 
cement,  for  an  A1  activity  equal 
'o  2.1  10' lota!  pressure  6.58 
Hh’  atm.  1 151 


CHOICE  OF  REACTION  MECHANISM 

To  decompose  a  gaseous  ha'ide  carrier  in  CVD  processes,  two  types  of  reaction  are 
often  used:  reduction  by  the  substrate  material,  or  reduction  by  another  species  present  in 
the  gas  phase.  For  example,  tungsten  coatings  for  electronics  are  obtained  by  the  reduction 
of  WFtffg)  by  the  silicon  in  the  substrate.  This  reaction  stops  when  the  tungsten  layer  has 
reached  a  critical  thickness  of  about  5(10  A.  It  is  also  possible  to  deposit  this  metal  by  using 


a  Wl-h(g)-n2(g)  mixture.  In  this  case,  there  is  no  thickness  limit  hut,  in  the  initial  stage, 
there  is  no  doubt  competition  between  the  two  reducing  agents,  hydrogen  ami  silicon  { !6| 

In  the  light  of  this  example,  it  would  seem  to  he  of  interest  to  determine  for  which 
range  of  experimental  parameters  these  two  mechanisms  co-exist,  and  whether  there  are 
specific  don.asns  tor  each  of  them.  In  this  respect,  considerations  made  on  neighbouring 
systems  could  possibly  throw  some  useful  light  on  an  apparently  complex  case.  This  is 
illustrated  by  the  case  of  amorphous  boron  deposition  on  titanium  from  BOdg)-H;(g) 
mixtures  j  17], 

Experimentally,  titanium  and  its  alloys  are  considered  in  the  literature  as  having  little 
or  no  potential  as  substrates  for  boron  deposition  1 1H|.  A  calculation  performed  at  I  300  K 
for  the  normal  gaseous  compositions  of  BCl?(g)-Hytg)  mixtures  in  the  presence  of  titanium 
shows  a  high  substrate  reactivity  with  the  abundant  formation  of  TiCldg)  and  TiCLdg)  and 
a  very  low  Hj  activity  with  the  formation  of  HC1. 

Moreover,  it  is  known  that  tungsten  is  the  substrate  most  commonly  used  as  support 
in  the  CVD  process  for  boron  fibre  preparation.  The  same  calculation  as  for  titanium  was 
therefore  performed  for  the  case  of  tungsten,  cf.  figure  12.  This  figure  indicates  the 
percentages  of  initial  BCIj(g)  that  are  either  reduced  by  the  Hdg)  in  HCl(g).  or  combined  in 
metal  halide  form  after  substrate  attack,  depending  on  the.  BCIsIg)  dilution  in  the  initial 
mixture.  Two  domains  are  apparent:  one  with  low  dilutions  with  BCh(g)  ratio  value  greater 
than  I0'1,  where  the  two  reactions  are  competing,  and  ihc  other  with  higher  dilution  values 

%  8 


Figure  12;  Percentage  of  BClj  either  reduced  by  hydrogen  to  I1C1  or  combined  as  metallic 
halides  or  curreacted  at  1300Kand  1  atin.!‘7l 
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where  only  the  hydrogen  reduction  mechanism  is  effective.  Armed  with  this  information, 
the  case  of  titanium  was  recalculated  with  a  very  high  dilution  value.  The  results  show  that, 
for  dilution  ratios  greater  than  10‘5,  it  is  possible  to  return  to  the  hydrogen  reduction  regime 
only.  This  enabled  the  experimenteis  to  develop  a  deposition  method  in  which  the  initial 
stage  consisted  "roughly''  in  using  hydrogen  doped  with  BCI3  1 17). 


CONCLUSIONS 

Compared  with  the  numerous  studies  devoted  to  global  optimisation  of  CVD 
processes,  studies  which  are  currently  giving  extremely  interesting  results,  the  purpose  of 
this  study  is  on  a  far  more  modest  scale.  By  focussing  on  the  initial  lhermodynamic 
analysis,  and  more  particularly  on  the  role  of  halides  in  processes  in  which  they  are 
involved,  the  authors  wanted  to  demonstrate  that,  by  a  careful  choice,  it  is  possible  to  select, 
the  ad  hoc  molecule,  the  ranges  of  experimental  parameters  promoting  its  optimum  effect 
and,  in  certain  cases,  the  type  of  mechanism  whereby  it  takes  part  in  the  deposition  reaction 
If  performed  systematically  when  developing  processes  involving  halides,  this  type  of 
analysis  could  avoid  a  number  of  errors,  help  in  making  the  choices  required  to  define  the 
process  and  occasionally  facilitate  the  understanding  of  some  of  the  phenomena  involved. 
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abstract 

The  formalism  for  the  accurate  modeling  of  chemical  vapor 
deposition  (CVD)  processes  has  matured  based  on  the  well  estab¬ 
lished  principles  of  transport  phenomena  and  chemical  kinetics  in 
the  gas  phase  and  on  surfaces.  The  utility  and  limitations  of 
such  models  are  discussed  in  practical  applications  for  high  tem¬ 
perature  structural  materials.  Attention  is  drawn  to  the  com¬ 
plexities  and  uncertainties  in  chemical  kinetics.  Traditional 
approaches  based  on  only  equilibrium  thermochemistry  and/or 
transport  phenomena  are  defended  as  useful  tools,  within  their 
validity,  for  engineering  purposes.  The  role  of  modeling  is 
discussed  within  the  context  of  establishing  the  link  between  CVD 
process  parameters  and  material  microstructures/  properties.  It 
is  argued  that  CVD  modeling  is  an  essential  part  of  designing  CVD 
equipment  and  controlling/ optimizing  CVD  processes  for  the  pro¬ 
duction  and/or  coating  of  high  performance  structural  materials. 


INTRODUCTION 

Among  the  available  methods  for  fabricating  materials  from 
the  gas  phase,  chemical  vapor  deposition  (CVD)  provides  many 
diverse  opportunities  for  commercial  application  because  it  is 
more  economical  to  develop  and  easier  to  scale  up.  Indeed,  its 
versatility  allows  CVD  to  be  routinely  employed  in  various  areas 
of  materials  science  and  technology.  However,  as  the  interest 
and  demand  in  more  sophisticated  advanced  materials  grows  to  meet 
today's  more  stringent  performance  requirements,  it  is  becoming 
clearer  that  the  CVD  technique  should  be  better  exploited. 

Structural  materials  have  not  generally  received  the  same 
degree  of  attention  in  terms  of  the  precision  of  the  CVD  process 
during  their  fabrication  as  the  electronic  and  optical  materials. 
However,  this  is  no  longer  the  case. 

A  sufficient  understanding  of  the  interactive  physico¬ 
chemical  phenomena  involved  in  CVD  is  required  to  efficiently 
produce  novel  materials  with  superior  properties.  Therefore, 
modeling  of  such  complex  systems  is  now  recognized  to  be  an 
essential  and  integral  part  of  CVD  research. 

The  controlled  implementation  of  the  CVD  process  is  an 
interdiciplinary  effort  involving  many  different  fields  of 
science  and  engineering.  A  comprehensive  analysis  should 
naturally  include  gas  phase  and  surface  chemical  reaction 
kinetics,  heat  and  multicomponent  mass  transport,  fluid  physics, 
and  thermodynamics  [1].  The  simultaneous  description  of  the 
coupled  phenomena  in  multidimensions  with  multireaction  schemes 
obviously  requires  highly  efficient  computational  software  and 
hardware  [2].  The  analysis  should  be  fully  supported  by  the 
measurement,  testing  and  characterization  techniques  that  are 
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available  to  specialists  in  heat  transfer,  fluids,  chemistry  and 
materials  science. 

The  modeling  of  the  interactions  of  such  multiparameter 
systems  is  indeed  a  challenge.  One  has  only  the  directly  con¬ 
trollable  parameters  of  the  system  to  manipulate  the  properties 
of  the  coated  or  fabricated  material.  These  available  CVD  input 
variables  can  be  the  substrate  temperature,  reactor  pressure, 
reactant  gas  composition,  or  the  total  flow  rate.  However,  the 
factors  that  affect  the  material  property  more  directly  are  the 
growth  rate,  chemical  composition,  doping  or  impurity  levels,  and 
microstructure  of  the  deposit  material,  all  of  which  are  also 
interrelated.  All  of  these  latter  factors  are,  in  turn, 
influenced  by  the  convective,  thermal  and  chemical  species' 
concentration  fields  that  prevail  inside  CVD  reactors  based  on 
the  directly  controlled  operating  parameters.  The  role  of  CVD 
modeling  in  assisting  the  process  optimization  and  control  is  to 
shed  some  light  onto  the  transport  and  chemical  processes 
evolving  inside  CVD  reactors  and  governing  the  key  factors  that 
determine  the  resulting  material  properties.  The  modest 
capabilities  of  CVD  modeling  today  is  mostly  restricted  to 
accurate  growth  rate  and  some  deposit  chemical  composition 
predictions  for  only  limited  materials,  and  is  far  from  being 
able  to  correctly  predict  doping/impurity  levels  in  the  deposit 
or  provide  an  indication  of  evolving  microstructures.  Yet, 
before  undertaking  the  challenge  of  improving  the  material 
microstructure/property  at  the  chemical  and/or  materials  science 
level,  there  are  still  many  useful  ways  of  utilizing  modeling  in 
terms  of  obtaining  more  rational  flow  and  thermal  fields  inside 
CVD  reactors.  In  that  respect,  by  assisting  CVD  equipment 
manufacturers  for  better  designs,  modeling  has  taken  the 
established  CVD  technology  back  almost  a  decade! 

So  far  most  sophisticated  CVD  models  have  been  developed  for 
electronic  material  applications.  A  review  of  the  current  status 
of  CVD  modeling  is  given  in  Refs.  1  and  3.  With  increasing 
interest  on  advanced  structural  materials  and  emphasis  for  high 
temperature  applications,  modeling  efforts  addressing  these 
issues  specifically  have  recently  started  to  appear  in  the 
literature.  Besides  the  papers  related  to  modeling  chemical 
vapor  infiltration  (CVI)  processes,  which  this  paper  will  not 
discuss,  examples  of  such  efforts  are  the  recent  publications 
related  to  the  CVD  synthesis  or  coating  of  continuous  fibers, 
which  are  used  for  the  reinforcement  of  (inter)  metall  ic  and 
ceramic  matrices  [4-6], 

Because  of  the  emphasis  on  high  temperature  applications  of 
structural  materials,  exposure  of  the  materials  to  high  tempera¬ 
tures  during  the  CVD  process  is  not  necessarily  disadvantageous. 
In  fact,  it  may  even  be  desirable  to  ascertain  that  the  material/ 
coating  will  survive  temperatures  as  high  as  at  least  the  intend¬ 
ed  service  temperature.  Therefore,  some  of  the  advantages  of  low 
temperature,  such  as  plasma-enhanced,  CVD  for  electronic  material 
applications  do  not  apply  to  materials  which  are  expected  to  be 
used,  for  example,  in  the  hot  sections  of  the  turbine  engine  for 
aeropropulsion  applications.  Therefore,  this  paper  is  limited  to 
modeling  only  subatmospheric  and  atmospheric  thermal  CVD  process¬ 
es  and  excludes  others  such  as  very  low  pressure,  plasma-enhanced 
or  photo-assisted  CVD. 
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APPROACHES  TO  CVD  MODELING 

The  sophistication  levels  of  the  approaches  taken  to  model 
CVD  processes  vary  depending  on  the  objectives  of  the  effort,  the 
level  of  complexity,  and  the  availability  of  thermodynamic, 
transport  and/or  chemical  kinetic  data.  Generally,  CVD  modeling 
efforts  can  be  categorized  as  either  approaches  based  on  thermo¬ 
chemical  equilibrium  calculations  or  dynamic  approaches  where 
rate  issues  are  addressed  based  on  the  transport  and  chemical 
kinetic  phenomena. 


Thermochemical  Equilibrium 

Inspired  by  the  conventional  phase  diagrams,  thermochemical 
equilibrium  calculations  are  used  to  obtain  "CVD  phase  diagrams". 
Computer  programs,  such  as  those  based  on  free-energy  minimiza¬ 
tion  (e.g.,  SOLGASMIX  and  NASA  CEC  [7,8]),  are  utilized  frequent¬ 
ly  to  predict  possible  windows  of  operation  to  deposit  the 
desired  materials  for  given  parameter  ranges  of  temperature, 
pressure  and  elemental  composition. 

The  limitations  and  reliability  of  such  an  equilibrium-based 
approach  are,  naturally,  due  to  finite  rate  phenomena  such  as  gas 
phase  transport  and/or  chemical  kinetics.  Besides  their  inabili¬ 
ty  to  predict  the  rates  of  deposition,  such  approaches  also  fail 
to  account  for  the  shifts  of  the  deposit  material  from  the  equi¬ 
librium  phases  and  compositions.  A  trivial  example  of  the  de¬ 
ficiency  of  the  method  can  be  given  as  follows:  although  one  can 
predict  the  deposition  of  silicon  from  silane  even  at  room  tempe¬ 
rature,  it  does  not  occur  in  real  life  because  of  kinetic  bar¬ 
riers.  Conversely,  successful  deposition  of  silicon  nitride  can 
be  accomplished  from  silicon  tetraf louride  and  ammonia  precursors 
as  demonstrated  at  the  United  Technologies  Research  Center:  here 
conditions  that  are  substantially  outside  the  predicted  region 
for  stable  silicon  nitride  formation  have  been  used  [9).  Nume¬ 
rous  other  examples  of  such  departures  from  equilibrium  behavior 
are  observed  and  reported  in  the  literature. 

However,  thermochemical  equilibrium  calculations  can  still 
be  useful  tools  for  initial  feasibility  studies,  providing  gui¬ 
dance  for  the  formation  of  possible  gaseous  species  and  condensed 
phases  of  different  chemical  composition.  In  fact,  their  capabi¬ 
lity  to  explain  the  observed  deposit  chemical  composition  varia¬ 
tion  along  the  deposition  surface  has  been  demonstrated,  ifjudi- 
ciously  applied  by  considering  the  local  variations  of  tempera¬ 
ture,  pressure  and  gas  composition  [10].  Such  treatments  are 
expected  to  be  even  more  accurate  at  higher  temperature  thermal 
CVD  applications,  i.e.  for  high  temperature  structural  materials, 
where  chemical  equilibria  are  approached.  Furthermore,  it  may  be 
the  only  available  rational  approach  for  complex  multicomponent 
chemical  systems,  as  is  the  case  for  the  deposition  of  super¬ 
conducting  materials  [11,12]  or  the  codeposition  of  different 
compounds  (13] .  The  severe  lack  of  chemical  kinetic  information 
for  many  systems  of  interest  and  the  uncertainties  associated 
with  the  available  kinetic  data  render  the  equilibrium  approach 
still  very  useful. 
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Gas  Phase  Transport  Phenomena 

With  the  increasing  availability  of  elaborate  transport 
models  based  on  the  well  established  principles  of  fluid  dyna¬ 
mics,  heat,  and  mass  transfer,  accurate  predictions  of  flow, 
thermal  and  concentration  fields  in  complex  shaped  CVD  reactors 
are  quite  possible  today  [14].  In  fact,  the  capability  to  pre¬ 
dict  flow  and  thermal  fields  in  reactors  with  steep  temperature 
gradients  (-1000K/cm)  has  probably  been  the  largest  contribution 
of  CVD  modeling  in  helping  the  equipment  manufacturers  design 
better  reactors.  Providing  answers  to  such  questions  as  the 
proper  location  of  gas  inlet  and  exit  ports,  the  proper  position¬ 
ing  of  the  substrate,  the  proper  operating  conditions  and  geomet¬ 
rical  considerations  to  avoid  bouyancy-driven  free  convection 
flows,  and  the  proper  heating  and  cooling  of  the  reactor  system 
to  obtain  more  uniform  thermal  fields  around  the  substrate  are 
only  a  few  examples  where  modeling  has  had  a  considerable  impact 
to  improve  performances  of  different  CVD  reactors. 

Figure  1  is  a  demonstration  of  how  a  computational  fluid 
dynamics  code  may  be  used  to  predict  the  complex  flow  structures 
that  can  develop  in  a  laboratory-scale  cold-wall  reactor  with  an 
inductively  heated  rectangular  substrate.  It  is  shown  (by  the 
presence  (top  case)  and  absence  (bottom  case)  of  the  terrestrial 
gravitational  field)  that  gravitationally-induced  free  convection 
flows  are  responsible  for  both  the  recirculation  cell  created  in 
front  of  the  substrate  and  the  three-dimensional  helical  flow 
around  the  substrate.  It  is  interesting  to  note  that  the  incom¬ 
ing  flow  is  directed  towards  the  bottom  of  the  hot  substrate  by 
the  presence  of  the  recirculation  cell  and  will,  therefore, 
supply  uneven  amounts  of  source  gases  to  top  and  bottom  surfaces, 
which  will  lead  to  asymmetric  deposit  thickness  profiles. 

Despite  the  maturity  of  the  computational  transport  codes, 
one  has  to  still  be  very  cautious  of  the  assumptions  involved  for 
their  application  to  each  specific  case.  The  validity  of  using 
the  Boussinesque  approximation  (versus  using  the  explicit  tempe¬ 
rature  dependence  of  gas  density  in  the  gravitational  body  force 
term  of  the  momentum  conservation  equation) ,  the  treatment  of  the 
dependence  of  the  fluid  transport  and  thermodynamic  properties  on 
temperature  and  composition,  the  inclusion  of  the  effects  of 
Soret  diffusion,  and  the  proper  accounting  for  radiative  heat 
transfer  are  typical  questions  to  be  addresssed  for  evaluating 
the  suitability  of  available  models.  Also,  for  nondilute  source 
gas  mixtures,  one  has  to  consider  the  heats  of  reaction  for  both 
gas  phase  and  surface  reactions,  as  well  as  the  nonzero  gas 
velocity  normal  to  the  deposition  surface,  the  so-called  Stefan 
flow.  Such  additional  complications  naturally  make  the  models 
more  cumbersome  and  increase  the  coupling  among  the  momentum, 
energy  and  species  mass  conservation  equations.  As  a  conse¬ 
quence,  one  pays  a  severe  penalty  in  computational  complexity  and 
time.  It  is,  therefore,  imperative  to  select  the  level  of 
sophistication  of  the  model  judiciously. 

Sophisticated  models  can  give  quite  inaccurate  solutions 
because  of  the  improper  implementation  of  boundary  conditions. 
Therefore,  it  is  critical  to  realize,  for  example,  that  the  use 
of  constant  temperature  or  adiabatic  wall  boundary  conditions 
does  not  correctly  describe  the  role  of  radiation  or  the  coupled 
interaction  of  the  environment  with  the  CVD  system  [15].  Asym¬ 
metric  and  other  unexpected  flow  and  temperature  fields  are 
observed  and  can  be  predicted  by  using  more  realistic  boundary 
conditions  [16].  For  a  correct  description  of  the  temperature 


21 


distribution  on  the  solid  surfaces  inside  a  CVD  reactor,  conju¬ 
gate  heat  transfer  analyses  (where  the  coupled  gas  and  solid 
phase  temperature  profiles  are  simultaneously  solved)  are  be¬ 
coming  increasingly  necessary. 

In  the  case  of  CVD  processing  of  fibers,  continuous  ope¬ 
ration  is  a  practical  consideration  to  produce  economically 
feasible  quantities  of  continuous  lengths.  Therefore,  models 
should  be  capable  of  treating  the  time-dependent  growth  process 
coupled  with  the  associated  dimensional  changes  of  the  fiber. 

In  cases  where  the  prevailing  molecular  mean  free  path  be¬ 
comes  comparable  to  the  characteristic  dimensions  of  interest 
(e.g.  fiber  diameter),  the  applicability  of  the  transport  equa¬ 
tions  based  on  the  continuum  approximations  starts  becoming 
questionable.  This  is  analogous  to  the  Knudsen  diffusion  situa¬ 
tion  for  CVI  processes  where  the  pore  size  becomes  comparable  to 
or  smaller  than  the  molecular  mean  free  path.  Considering  the 
increasing  interest  in  CVD  processing  of  smaller  diameter  fibers 
(<-25pm) ,  especially  for  ceramic  matrix  composites,  it  is  doubt¬ 
ful  if  conventional  models  can  accurately  describe  the  transport 
processes  in  high  temperature  and  low  pressure  CVD  systems  in¬ 
volving  such  small  diameter  fibers.  For  such  cases,  molecular 
trajectory  calculation  techniques  can  be  utilized  by  employing, 
for  example,  the  Monte  Carlo  direct  simulation  method. 


Gas  Phase  and  Surface  Chemical  Kinetics 

The  availability  and  reliability  of  gas  phase  and  surface 
kinetic  information  are  currently  the  most  limiting  factors  in 
CVD  modeling.  The  mechanisms,  pathways  and  kinetics  of  many  of 
the  reaction  systems  of  interest  to  the  CVD  community  are  scarce¬ 
ly  known.  Yet,  models  should  be  able  to  account  for  reactive 
species  inventories  and  depletion  rates  in  the  gas  phase.  Sur¬ 
face  phenomena  such  as  adsorption,  diffusion,  nucleation,  incor¬ 
poration,  or  desorption  must  appear  as  boundary  conditions  in 
such  simulations.  Because  of  the  difficulties  associated  with 
obtaining  experimental  kinetic  data  for  the  extensive  sets  of 
possible  reactions  under  relevant  conditions,  theoretical  tech¬ 
niques  utilizing  quantum  chemistry  and  electronic  structures  are 
being  increasingly  employed  for  the  required  thermochemistry. 
Table  I  lists  the  number  of  gas  phase  and  surface  reactions  that 
have  been  used  in  recent  CVD  models  for  some  of  the  material 
systems  of  interest.  Excess  hydrogen  is  the  carrier  gas  for  all 
cases . 


Table  I.  Number  of  Reactions  Used  in  Recent  CVD  Models 


Material  Source  Gases/H,  Gas  Phase 


Si  SiH,  27 

GaAs  TMG+AsHj  232 

SiC  SiH„+C,He  166 

Diamond  CH,+02  158 

W  WF6  8 


Surface 

13 

115 

36 

52 

65 


Ref . /Year 
17/1989 
18/1989 
19/1991 
20/1991 
21/1991 


As  can  be  seen  from  Table  I,  the  number  of  simultaneous  gas 
phase  and  surface  reactions,  and  therefore,  the  species,  neces¬ 
sary  to  properly  model  even  single  element  deposit  materials  can 
be  as  high  as  tens  to  hundreds.  The  kinetic  rate  expressions  of 
these  reactions  are  obtained  from  theoretical  calculations. 
Usually,  the  numerical  difficulties  associated  with  significant 


differences  among  the  characteristic  times  of  reactions  and 
transport  processes  (the  so-called  "stiff"  systems)  have  been 
known  to  create  additional  challenges.  Such  expected  difficul¬ 
ties  in  CVD  can  not  always  be  circumvented  by  the  schemes  and 
algorithms  usually  developed  for  the  computational  fluid  dynamics 
of  high-speed,  chemically  reacting  flows.  Furthermore,  unlike 
the  simpler  geometries  used  by  the  references  listed  in  Table  I, 
most  realistic  industrial  applications  will  involve  three-dimen¬ 
sional  systems  demanding  prohibitive  computer  power,  which  even 
today's  "personal"  Cray's  can  not  meet  with  so  many  species  and 
reactions!  Therefore,  the  demand  for  "smarter"  methodologies, 
not  only  relying  on  numerical  techniques  but  also  exploiting  the 
available  physico-chemical  information,  will  indeed  be  growing. 
To  that  effect,  an  approach,  for  example,  utilizing  a  statistical 
design  of  computational  experiments  can  be  used  in  order  to 
reduce  the  excessively  large  sets  of  reactions  down  to  a  more 
feasible  and  managable  size  which  can  mimic  the  actual  behavior 
of  the  chemical  system  [22]. 

Another  issue  of  concern  for  CVD  modeling  is  the  degree  of 
uncertainty  regarding  the  chemical  kinetic  parameters  of  reaction 
systems.  Besides  the  questions  related  to  the  low  pressure 
limits  of  the  rate  constants,  one  also  has  to  be  careful  about 
the  temperature  ranges  of  applicability  of  the  reported  rate 
constants  for  high  temperature  CVD  systems  because  many  of  these 
values  are  obtained  for  lower  temperature  electronic  material 
applications.  Even  for  the  most  studied  case  of  silicon  deposi¬ 
tion  from  silane,  there  seems  to  be  no  consensus  on  the  reaction 
kinetics  of  either  gas  phase  or  surface  kinetics.  Table  II  lists 
the  different  rate  constants  reported  only  in  the  most  recent 
literature  for  the  gas  phase  dissociation  of  silane  into  silylene 
and  hydrogen  in  a  hydrogen  bath  gas. 

Table  II.  Reported  rate  constants,  k,  for  silane 
dissociation,  SiH4  ->  SiH?  +  H?. 
k  =  ATaexp  ( -E/RT) 


Af  sec ') 

_ 

Ef kcal/mole) 

Ref ./Year 

1.09  E25 

-3.37 

61.2 

17/1989 

3.3  E15 

-0.5 

55.9 

23/1990 

6.671E29 

-4.795 

63.45 

19/1991 

6.17  E15 

0 

59.99 

24/1991 

5.2  E13 

0 

52 . 54 

25/1991 

Similar  to  gas  phase  chemistry,  the  controversies  and 
inconsistencies  related  to  surface  kinetics  for  silicon  deposi¬ 
tion  from  silane  have  been  recently  discussed  by  Ref.  26,  i.e. 
the  experimentally  observed  reaction  efficiencies  vary  by  more 
than  two  orders  of  magnitude  for  nominally  identical  conditions 
and  the  deposition  rates  obtained  at  low  temperatures  and  very 
low  pressures  are  comparable  to  those  obtained  at  high  tempera¬ 
tures  and  atmospheric  pressure.  The  disagreements  have  continued 
in  1990  and  1991  as  evidenced  by  the  different  expressions  pub¬ 
lished  by  Refs.  25  and  27  for  the  reactive  sticking  coefficients 
of  siH„  and  Si2H6  on  silicon  surfaces. 

Under  the  circumstances,  expecting  CVD  models  to  be  able  to 
accurately  predict  the  minute  levels  of  dopant  or  impurity  con¬ 
centrations  evolving  in  the  deposit  material  during  their  in-situ 
deposition  is  currently  unrealistic.  Yet,  it  should  be  mentioned 
that  the  limitation  is  not  due  to  the  lack  of  a  plausabie  formal¬ 
ism  to  incorporate  such  treatments  into  CVD  models  but  is  due  to 
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the  unavailability  and/or  uncertainty  of  chemical  kinetic 
information. 

It  seems  that  CVD  modeling  can  be  most  helpful  in  areas 
where  chemical  kinetic  limitations  due  to  gas  phase  and/or  sur¬ 
face  reactions  are  minimal,  i.e.  in  the  gas  phase  mass  transport 
controlled  regime.  After  all,  it  would  certainly  be  desirable 
to  operate  under  such  conditions  where  the  deposition  rates  and 
source  gas  utilization  would  be  maximized.  The  limitations  of 
chemical  kinetic  barriers  can  be  circumvented  by  increasing  CVD 
temperatures.  In  principle,  this  should  be  less  of  a  concern  for 
high  temperature  materials  (cf.  electronic  materials)  up  to 
their  intended  service  temperatures  or  the  limit  of  endurance  for 
the  substrate  material.  Provided  the  kinetic  barriers  are  over¬ 
come,  one  can  then  use  thermochemical  equilibrium  calculations  at 
surface  conditions  to  define  the  chemical  composition  of  the  de¬ 
posit  and  the  boundary  conditions  for  the  species  mass  transport 
equations  [28]. 

However,  at  higher  temperatures  one  has  to  consider  another 
potential  problem  of  gas  phase  powder  formation.  The  prevailing 
supersaturation  levels  can  be  sufficiently  high  for  the  reactive 
precursors  created  at  high  temperatures  to  lead  to  gas  phase  nuc- 
leation  and  particle  formation.  Therefore,  one  needs  to  define 
the  safe  operation  boundaries  to  preclude  the  usually  very  sudden 
onset  of  gas  phase  nucleation  [29]. 


AN  EXAMPLE  CASE:  FIBER  CVD 

CVD  modeling  of  thin  fibrous  substrates  encompasses  specific 
problems  that  are  not  encountered  for  other  typical  substrates 
with  flat  surfaces  [4-6].  The  chemical  and  structural  complexity 
of  the  Textron  SCS-6  Sic  fiber  grown  by  a  continuous  CVD  process, 
as  is  schematically  depicted  in  Figure  2,  is  a  good  example  of 
how  changes  in  CVD  conditions  may  lead  to  cross-sectional  varia¬ 
tions  in  chemical  compositions  and  microstructures  [30].  In  an 
endeavor  to  study  the  relationships  between  process  variables  and 
deposit  compositions,  microstructures  and  properties,  we  modeled 
a  miniature  Textron  CVD  reactor  built  in  our  laboratory.  It  is 
an  upflow  batch  reactor  made  of  a  quartz  tube  of  1.8cm  I.D.  and 
adjustable  length.  The  monofilament  is  resistively  heated.  Si¬ 
licon  deposition  from  silane  is  chosen  because  of  its  better 
studied  gas  phase  and  surface  chemistry  and  relevance  to  other 
silicon-based  CVD  materials  of  high  temperature  interest.  The 
results  are  presented  for  the  first  20cm  from  the  inlet.  A  more 
detailed  discussion  is  given  Ref.  6. 

The  axisymmetric  geometry  of  the  reactor  with  a  thin  hot 
fiber  at  the  center  creates  very  steep  temperature  gradients 
(-10000K/cm  versus  lOOOK/cm  in  conventional  geometries)  near  the 
fiber  surface.  This  results  in  such  atypical  Soret  diffusion 
effects  that  Soret  becomes  one  of  the  primary  gas  transport 
mechanisms,  i.e.  predicted  growth  rates  change  by  a  few  hundred 
percent  with  and  without  its  inclusion  in  the  model  (Figure  3) . 
Hence,  accurate  information  for  such  transport  coefficients  is 
essential  for  the  reliability  of  fiber  CVD  models.  Furthermore, 
the  sensitivity  of  predicted  rates  on  fiber  temperature  indicates 
that  the  accurate  measurement  and  control  of  fiber  temperature 
is  of  utmost  importance  to  controlling  rates. 

The  higher  temperature  region  within  -250/jm  from  the  fiber 
surface  is  also  the  chemically  active  region  where  most  of  the 
SiH?  production,  which  governs  the  deposition  rate  of  silicon. 


Figure  X  -  A  schematic  of  flow  patterns  in  a  cold-wall  CVD 
reactor  with  an  inductively  heated  rectangular  substrate.  The  3- 
dimensional  complex  flows  in  the  presence  of  gravity  is  due  to 
bouyancy-driven  free  convection  effects. 


Figure  2  -  Schematic  of  Textron's  SCS-6  silicon  carbide  fiber 
microstructure  [30]. 


Distance  from  Inlet  (cm) 


Figure  3  -  Predicted  silicon  growth  rates  with  and  without  Soret 
diffusion  versus  axial  distance  along  fiber  [61. 
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occurs.  Therefore,  the  above  discussed  uncertainties  of  the 
chemical  kinetic  parameters,  which  may  not  give  significant 
differences  in  predicted  Si  deposition  rates  for  conventional 
flat  plate-like  geometries,  result  in  unacceptably  magnified  rate 
predictions  depending  on  whose  data  is  used  from  Table  II  (6], 

The  significance  of  the  steep  temperature  gradients  near  the 
fiber  surface  and,  consequently,  the  amplified  importance  of 
Soret  diffusion  and  chemical  kinetics  increase  even  more  as  the 
fiber  diameter  gets  smaller.  Therefore,  the  correct  prediction 
of  temperature  fields  inside  the  cold  wall  fiber  reactor  becomes 
of  paramount  importance.  In  predicting  the  wall  temperatures  for 
typical  operating  conditions  of  our  fiber  CVD  reactor,  it  is 
determined  that  radiation  has  a  strong  contribution  especially 
for  low  thermal  conductivity  gases  (Figure  4).  However,  if 
radiation  is  fully  accounted  for,  accurate  predictions  of  wall 
temperatures  are  indeed  possible  [31]. 

Radial  growth  rates  on  the  fiber  will  vary  with  respect  to 
the  fiber  diameter.  However,  besides  this  expected  change,  which 
should  scale  with  the  available  deposition  surface  area,  there 
are  other  less  obvious  interactions  of  growth  rate  with  fiber 
diameter  as  a  consequence  of  the  above  mentioned  temperature 
profile,  Soret  and  chemistry  effects  (Figure  5) . 

The  specific  issues  pertaining  to  cold  wall  fiber  CVD  for 
high  temperature  applications  creates  more  challenges  for  CVD 
modeling,  for  both  batch  and  continuous  modes  of  reactor  opera¬ 
tion.  Furthermore,  with  increasing  interest  in  smaller  diameter 
fibers,  most  of  these  issues,  such  as  the  atypical  importance  of 
Soret  diffusion,  the  unusually  stringent  accuracy  requirement  for 
the  chemical  kinetic  parameters,  or  the  complex  interaction  of 
deposition  rates  with  fiber  diameter,  get  even  more  difficult  to 
tackle. 


FUTURE  RECOMMENDATIONS  AND  CL08ING  REMARKS 

Despite  the  present  limitations  of  CVD  modeling  in  providing 
immediate  solutions  to  the  complex  problems  associated  with  vari¬ 
ous  reactors,  different  chemical  systems  and  applications,  the 
utility  of  CVD  modeling  can  not  be  disputed  in  assisting  the  re¬ 
solution  of  many  existing  issues.  It  can  provide  invaluable  in¬ 
sights  into  the  complex  physicochemical  phenomena  taking  place 
inside  CVD  reactors,  provided  that  one  is  consciencious  about  its 
current  capabilities  and  cognizant  of  its  anticipated  future 
challenges.  It  is  certainly  helpful  for  confirming  and  enhancing 
our  understanding  of  the  process.  CVD  models  can  be  routinely 
used  for  designing  more  efficient  reactor  geometries  and  optimiz¬ 
ing  gas  inlet,  outlet  and  substrate  configurations.  They  can  go 
beyond  predicting  qualitative  trends  and  are  increasingly  being 
used  to  obtain  accurate  quantitative  predictions  of  deposition 
rates  and  deposit  chemical  compositions. 

The  usefulness  and  beauty  of  presenting  information  in  a 
"universal"  format,  for  example  by  using  dimensionless  variables, 
have  long  been  recognized  by  scientists  and  engineers.  The  use 
of  CVD  phase  diagrams  is  partly  such  an  approach  which  condenses 
the  various  operating  conditions  of  different  systems  into  a 
general  form  by  utilizing  the  fundamentals  of  equilibrium  thermo¬ 
dynamics.  The  limitations  of  such  an  approach  due  to  transport 
and  chemical  kinetic  phenomena  are  discussed  above.  Attempts 
have  been  made  in  the  literature  to  incorporate  the  effects  of 
transport-induced  shifts  into  CVD  phase  diagrams  [32].  However, 
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Distance  from  Inlet  (cm) 

Figure  4  -  Experimentally  measured  and  predicted  reactor  wall 
temperatures  for  fiber  CVD  [3ij  A  sophisticated  radiation  model 
is  necessary  for  improved  accuracy. 


Distance  from  Inlet  (cm) 

Figure  5  -  Predicted  silicon  growth  rates  versus  axial  distance 
along  fiber  for  two  fiber  diameters  [6]. 


Columnar  grains 


Figure  6  -  Application  of  Thornton  Structural  Zone  Model  [33] 
(developed  for  PVD)  to  CVD  by  recommended  new  coordinates. 
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their  inability  to  give  information  about  rates  and  be  applicable 
to  different  reactor  geometries  still  limit  their  utility  for 
practical  applications.  The  growing  volume  of  CVD  literature  is 
certainly  increasing  the  burden  of  gleaning  useful  information 
from  publications  to  apply  to  a  different  situation.  Currently, 
technical  papers  related  to  CVD  are  being  published  at  a  rate  of 
about  two  articles  a  day.  The  need  to  find  more  general  ways  of 
reporting  information  in  the  CVD  literature  is  greater  than  ever 
today.  Such  an  approach  is  also  essential  for  scaling  un  labora¬ 
tory  research  to  industrial  size  production.  In  an  attempt  to 
unify  the  efforts  to  establish  the  link  between  process  parame¬ 
ters  and  material  microstructures ,  it  is  suggested  that  a  generic 
plot,  as  is  shown  in  Figure  6,  be  explored,  at  least  for  the  same 
material  systems  using  the  same  chemical  precursors  as  source 
gases.  It  is  inspired  by  tie  structural  zone  model  proposed  by 
Thornton  [33]  for  physical  vapor  deposition  systems.  The  sug¬ 
gested  coordinates  could  be  for  example,  the  local  growth  rates 
normal  to  the  deposition  surface  and  the  surface  temperature, 
which  could  be  nondimension  .lized  with  respect  to  the  activation 
energy  of  the  relevant  surface  phenomenon.  A  similar  graph  is 
given  in  Ref.  9.  Even  if  the  data  of  different  investigators 
fail  to  collapse  into  a  common  form  when  cast  into  such  a  format, 
it  is  anticipated  that  the  differences  will  be  reduced  and  the 
analysis  will  be  simplified.  Once,  and  if,  such  a  "universal" 
diagram  is  constructed  for  a  chemical  system  by  complimentary 
experimentation,  then  the  loop  would  be  closed  by  reducing  th«- 
goal  of  CVD  modeling  to  accurate  rate  and  deposit  composition 
predictions  which  is  more  feasible. 

The  accuracy  and  reliability  of  CVD  models  will  undoubtedly 
depc-d  on  their  verification  by  carefully  controlled  experiments 
and  the  quality  of  the  transport,  thermodynamic  and  chemical 
kinetic  data  supplied  to  them.  Thus,  developing  high  fidelity 
models  and  improving  the  confidence  levels  for  their  use  are  di¬ 
rectly  coupled  with  experimentation  for  testing  the  mode1 s  and 
refining  such  input  information.  This  can  be  more  efficiently 
accomplished  via  more  focused  and  synergistic  theoretical  and 
experimental  efforts.  Modeling  geared  to  address  specific  as¬ 
pects  of  a  complex  phenomenon,  where  the  analyses  are  justifiably 
reduced  to  a  more  manageable  size  with  a  negligible  sacrifice  in 
information,  will  indeed  be  more  effective.  Similarly,  smaller 
scale  experimental  efforts  in  better  defined  environments,  set  up 
to  provide  answers  to  individual  thermochemical  questions,  can  be 
more  meaningful.  Future  CVD  research  should,  therefore,  include 
both  experiments  and  modeling  as  integral  parts  of  a  coordinated 
program. 
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ABSTRACT 

Equilibrium  calculations  are  reported  for  conditions  typical  of  silicon  carbide  (SiC) 
deposition  from  mixtures  of  silane  and  hydrocarbons.  Included  are  34  molecules 
containing  both  silicon  and  carbon,  allowing  an  assessment  to  be  made  of  the  importance 
of  organosilicon  species  (and  organosilicc  .1  radicals  in  particular)  to  the  deposition 
process.  The  results  are  used  to  suggest  strategies  for  improved  operation  of  SiC  CVD 
processes. 


I.  INTRODUCTION 

The  excellent  resistance  of  silicon  carbide  (SiC)  to  corrosive,  oxidizing  or  high- 
temperature  environments,  in  addition  to  its  outstanding  hardness  and  semiconductor 
properties,  make  it  of  considerable  industrial  interest.  Comprehensive  models  including 
detailed  chemical  reactions  that  occur  in  the  gas-phase  and  on  the  surface,  coupled  with 
reactor  fluid  mechanics  are  required  to  optimize  new  deposition  processes.  Recen-  >rk 
provides  several  indications  that  gas-phase  chemistry  is  an  important  element  in  the 
chemical  vapor  deposition  (CVD)  of  SiC.  First,  a  comparison  of  measured  deposit 
compositions  with  thermodynamic  predictions  for  mixtures  containing  silicon,  carbon,  anr! 
hydrogen  showed  that  deposits  typically  contain  excess  silicon  in  regions  where  pure  SiC 
is  predicted  at  equilibrium!  1].  This  is  attributed  to  the  suspected  higher  surface  reactivity 
of  gas-phase  silicon-containing  species  relative  to  that  of  stable  hydrocarbons  (such  as 
CHa  and  C2H4).  Several  experimental  and  theoretical  studies  have  confirmed  this 
difference  in  reactivity  [2,3).  Second,  the  reactivity  of  gas-phase  hydrocarbons 
themselves  with  silicon  substrates  varies  widely,  depending  on  the  degree  of 
unsaturation  in  the  molecule.  Saturated  species,  such  as  C3Hg,  which  is  commonly  used 
to  deposit  epitaxial  SiC,  have  reactive  sticking  coefficients  on  Si(lll)  (whose  crystal 
structure  is  the  same  as  that  of  (3-SiC)  on  the  order  of  I0'5  to  I0‘4  (3),  while  unsaturated 
molecules  such  as  C2H2  retct  with  a  higher  probability  [4]  on  the  order  of  0.001  -  0.01. 
Radical  species  are  even  more  reactive,  with  sticking  coefficients  near  unity  [2,5).  This 
low  reactivity  of  the  initial  precursors  relative  to  their  decomposition  products  implies  that 
some  decomposition  by  gas-phase  pyrolysis  may  be  required  to  achieve  efficient 
deposition  with  these  reactants.  Indeed,  at  the  high  gas-phase  temperatures  typical  of 
SiC-CVD  (>  1500  K),  hydrocarbons  such  as  C3H8  are  known  to  decompose,  yielding 
large  amounts  of  CH4,  C2H4,  and  C2H2  (6).  This  conversion  could  be  the  rate-limiting 
step  in  SiC  deposition  under  some  conditions.  Clearly,  with  such  large  variations  (a  factor 
of  104)  in  surface  reactivity,  the  exact  composition  of  the  gas  phase  can  make  a  large 
difference  in  the  deposition  rate.  Finally,  surface  temperatures  lower  than  1500-1600  K 
are  desirable  in  order  to  deposit  SiC  on  thermally  sensitive  substrates  such  as  metals 
(7).  To  develop  predictive  models  of  such  processes,  a  much  better  understanding  of  the 
role  of  gas-phase  chemical  reactions  is  required,  since  lower  deposition  temperatures 
tend  to  produce  gas-phase  compositions  that  are  far  from  equilibrium. 

Equilibrium  calculations  are  useful  for  determining  which  species  are  likely  to  be 
stable  in  the  event  that  sufficient  thermal  energy  is  available  for  their  initial  formation. 
They  can  also  show  how  reactor  conditions  can  be  altered  to  favor  formation  of  particular 
species.  Earlier  studies  of  gas-phase  equilibria  under  SiC  CVD  conditions  used  limited 
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numbers  of  gas-phase  species  and  included  few,  if  any,  molecules  containing  both  silicon 
and  carbon  [1,8-10],  In  this  work,  we  report  gas-phase  equilibrium  calculations 
performed  for  typical  epitaxial  SiC  CVD  conditions.  Calculations  were  also  extended  to 
low-pressure,  inert-gas  environments  now  under  study  for  low-temperature  SiC  CVD. 
The  calculations  make  use  of  new  thermodynamic  data  recently  determined  by  us  for  34 
compounds  in  the  Si-C-H  system  [111.  This  expanded  species  set  thus  allows  the 
importance  of  organosilicon  species  in  SiC  deposition  to  be  evaluated. 

11.  THEORETICAL  METHODS 

Equilibrium  calculations  were  performed  using  the  STANJAN  code  developed  by 
Reynolds  et  al  [121.  Recently  reported  heats  of  formation  for  Si;Hn  molecules  of  Ho  and 
Melius  were  used  113),  which  are  somewhat  different  from  those  published  in  an  earlier 
paper  (14[.  Data  for  hydrocarbon  species  were  obtained  from  ab  initio  calculations  and 
are  in  excellent  agreement  with  accepted  experimental  values  114,15)  Data  for  SiC. 
SiCn,  and  SijC  were  obtained  from  the  JANAF  Tables  [161.  Thermodynamic  data  for  the 
remaining  organosilicon  species  were  also  determined  by  ab  initio  calculations  111). 

Ill  RESULTS 

Figure  1  shows  the  results  of  equilibrium  calculations  of  the  gas-phase  species 
mole  fractions  expected  for  typical  epitaxial  growth  conditions  and  allowing  SiC,  Si,  or 
graphite  to  form  as  a  solid  phase.  The  results  indicate  that  most  of  the  initial  gas-phase 
reactants  are  converted  to  the  thermodynamically  stable  SiC  (>  90%  conversion  to  SiC) 
with  only  a  few  stable  species  such  as  CH4  and  S1H4  present  in  significant  quantities  in 
the  gas-phase.  Previous  equilibrium  calculations  have  reached  similar  conclusions  110). 
As  discussed  above,  it  is  very  unlikely  that  this  uninteresting  result  is  representative  of 
actual  gas-phase  conditions 

A  more  realistic  simulation  of  the  gas-phase  can  be  obtained  if  one  assumes  that 
surface  reactions  are  rate-limiting,  allowing  the  gas-phase  to  come  to  partial  equilibrium 
by  not  allowing  solid  phases  to  form.  The  effect  of  this  change  is  shown  in  Figure  2,  again 
for  typical  epitaxial  growth  conditions.  Now  the  gas-phase  contains  many  more  species, 
with  both  saturated  and  unsaturated  radical  species  present  in  significant  quantities.  The 
hydrocarbon  in  highest  concentration  at  all  temperatures  is  CH4,  with  CsHa  and  C2H2 
becoming  more  important  at  temperatures  above  1400  K.  The  two  most  important  silicon 
species  are  SiH2  and  S13,  which  at  temperatures  of  approximately  1150  and  1300  K. 
respectively,  appear  in  concentrations  high  enough  to  affect  the  deposition. 

In  addition  to  species  containing  only  Si  or  C  as,  the  heavy  atom,  two  other 
molecules  containing  both  Si  and  C  appear  in  significant  quantities  above  1300  K.  The 
SiyC  molecule  was  shown  previously  to  form  under  these  conditions  f  101.  However, 
SiCH^,  which  is  one  of  the  molecules  added  from  the  BAC-MP4  calculations,  also 
appears,  though  in  smaller  quantities.  The  minimum  amount  of  such  radicals  that  must  be 
present  in  (he  gas- phase  to  have  an  effect  on  the  deposition  process  can  be  estimated  by 
assuming  that  they  will  have  surface  reactivities  approaching  1.0,  while  an  abundant 
hydrocarbon  such  as  CH4  has  a  reactive  sticking  coefficient  of  only  5  x  10' 5  [31.  Thus, 
mole  fractions  of  Si2C  and  SiCH2  of  only  about  2  x  10  ®  would  be  required  for  these 
radicals  to  deposit  the  same  amount  of  carbon  as  CH4.  The  concentrations  of  both  these 
molecules  is  well  above  this  level  for  temperatures  greater  than  1300  K,  implying  that  an 
important  role  in  the  deposition  process  would  be  played  by  these  species  if  conditions 
leading  to  gas-phase  pseudo-equilitrium  were  obtained. 

As  the  concentration  of  hydrogen  decreases,  Si2C  and  SiCH2  remain  the 
organosilicon  radicals  with  the  highest  mole  fraction,  but  the  temperature  at  which  these 
radicals  reach  high  enough  concentrations  to  affect  deposition  rates  decreases.  For 
example,  for  H2/Si  =  1000,  S^C/CHa  reaches  0.01  at  1400  K  and  continues  to  increase 
with  temperature.  With  the  same  conditions  as  in  Figure  2  but  with  a  HrSi  ratio  of  10 
(data  not  shown),  the  ratio  S12C/CH4  reaches  0,01  at  approximately  1200  K  (again 
continuing  to  increase  with  temperature.)  This  indicates  that  the  reactive  species  such  as 
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Figure  1:  Mole  fractions  of  gas-phase 
species  as  a  function  of  temperature, 
allowing  SiC,  Si,  and  graphite  to  deposit  as 
solid  phases.  Initial  conditions:  pressure 
=  760  torr;  moles  SiHa  =  0.49;  moles  CH4 
=  0.51,  moles  H2  =  1000. 
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Figure  2:  Mole  fractions  of  gas-phase 
species  as  a  function  of  temperature,  but 
with  no  solid  phases  allowed  to  form, 
initial  conditions  are  the  same  as  for 
Figure  1. 
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Figure  3:  Mole  fractions  of  gas-phase  species  as  a  function  of  temperature,  but  with  no 
solid  phases  allowed  to  form.  Initial  conditions:  pressure  =  760  torr;  moles  SiFLt  =  0.49; 
moles  CH4  =  0.51 ,  moles  H2  =  0.  (a)  stable  species:  (b)  radicals. 
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S12C  are  more  likely  to  contribute  significantly  to  carbon  deposition  when  hydrogen  carrier 
gas  concentrations  are  low.  Thus,  these  calculations  suggest  that  SiC  deposition  rates 
may  increase  at  low  temperatures  if  the  concentration  of  hydrogen  carrier  gas  is 
decreased. 

If  hydrogen  carrier  gas  is  eliminated,  so  that  the  only  hydrogen  in  the  system  comes 
from  the  reactants  SiHU  and  CH4,  then  the  number  of  organosilicon  species  increases 
dramatically.  This  is  shown  in  Figure  3,  where  the  mole  fractions  of  both  stable  (Figure 
3A)  and  radical  (Figure  3B)  species  are  shown  as  a  function  of  temperature.  In  this  case, 
the  concentration  of  organosilicon  radicals  is  comparable  to  that  of  stable  species  such  as 
CH4,  methylsilanes,  C2H4,  and  C2H2.  In  addition  to  Si2C  and  SiCH2,  several  other 
radicals  are  present,  including  HSiCCH,  H2SiCCH,  SiCCH.  and  SiC2-  These  species 
could  be  formed  by  reaction  between  SiH2  (the  initial  product  of  S1H4  decomposition)  and 
C2H4  or  C2H2  to  form  H2C=CHSiH3  and  HjSiC=CH,  respectively.  The  radical  species 
would  form  by  loss  of  hydrogen.  Since  both  H2C=CHSiHj  and  HrSiCsCH  are  present  in 
appreciable  concentrations  at  equilibrium  (Fig.  3A)  and  the  reactions  producing  them  are 
near  the  diffusion-controlled  limit  (17j,  these  two  molecules  are  favored  both  kinetically 
and  thermodynamically.  It  is  thus  likely  that  some  or  all  of  the  radicals  resulting  from 
H2C=CHSiH3  and  H3SiCsCH  decomposition  are  present  in  the  gas-phase  in 
concentrations  high  enough  to  affect  the  deposition  in  the  absence  of  H2  carrier  gas. 

The  substitution  of  an  inert  carrier  gas  such  as  argon  or  helium  for  hydrogen 
produces  markedly  different  gas-phase  concentration  profiles.  Figure  4  presents  results 
of  equilibrium  calculations  for  conditions  again  typical  of  epitaxial  SiC  CVD,  but  with 
hydrogen  carrier  gas  replaced  by  argon  (760  torr,  Si/C~1.0.)  Now,  C2H2  is  the  stable 
hydrocarbon  at  most  temperatures,  with  the  concentration  of  CH4  exceeding  that  of  C2H2 
only  at  the  lowest  temperatures.  More  interestingly,  Si2C  is  the  molecule  in  the  highest 
concentration.  Other  organosilicon  species  that  were  shown  to  be  stable  under  low 
hydrogen  conditions  are  also  present,  such  as  SiCH2,  SiC2,  and  HSiCCH.  The  very  high 
concentration  of  S12C  is  unlikely  to  be  realized  in  practice  at  the  low  end  of  the 
temperature  range,  since  this  species  is  probably  very  reactive.  However,  this  result 
does  point  out  the  strong  ability  of  hydrogen  to  suppress  the  amounts  of  radical  species  at 
low  temperatures  (below  1300  K)  by  converting  them  to  more  stable  forms  such  as  CH4. 
Figure  4  also  shows  that  organosilicon  species  are  more  stable  in  general  under  these 
conditions  than  radicals  containing  only  silicon,  such  as  Si3  and  Si.  This  is  another 
indication  that  organosilicon  radicals  may  serve  to  transport  carbon  from  the  gas-phase  to 
the  growing  deposit. 

Another  interesting  result  of  these  calculations  is  that  high  concentrations  of 
hydrogen  suppress  the  formation  of  radicals  of  all  kinds,  except  at  the  highest 
temperatures  (compare  Figure  4  with  Figure  2.)  The  presence  of  high  concentrations  of 
silicon-containing  radicals  has  been  suggested  as  the  reason  for  the  occurrence  of 
homogeneous  nucleation  (“reactor  snow”)  when  SiH4  is  used  to  deposit  epitaxial  silicon 
[18].  Thus,  a  beneficial  effect  of  hydrogen  carrier  gas  on  SiC  CVD  may  be  reduction  in  the 
probability  for  homogeneous  nucleation.  which  would  improve  the  quality  and 
reproducibility  of  deposits. 

The  potential  for  SiC  deposition  at  much  lower  temperatures  (<  1273  K)  has  been 
recently  explored  by  Komiyama  and  co-workers  |7],  In  their  experiments,  mixtures  of 
disilane  (Si2H6)  and  C2H4  or  C2H2  at  low  pressures  (<  1  torr)  and  temperatures  (S  1273 
K)  were  used  to  deposit  SiC  in  a  hot-wall  reactor.  No  carrier  gas  was  used.  Their 
results  [7]  showed  that  SiC  can  be  deposited,  but  that  at  temperatures  below  1273  K.  the 
deposits  were  silicon-rich.  Increasing  the  concentration  of  C2H4  by  a  factor  of  10  had 
little  effect  on  the  carbon  content  of  the  deposits,  indicating  either  that  carbon  deposition 
was  limited  by  a  slow  reaction  occurring  on  the  surface,  or  that  an  efficient  gas-phase 
reaction  to  form  an  organosilicon  species  was  responsible  for  most  of  the  carbon 
deposition.  They  proposed  that  two  likely  reactions  would  be  SiH2  +  C2H4  -2 
H2C=CHSiH3  and  SiH2  +  C2H2  — »  HOCSiHj  and  analyzed  the  temperature  dependence 
of  carbon  deposition  using  a  simple  gas-phase  mechanism.  Although  the  results  they 
obtained  were  consistent  with  their  observations,  this  now  appears  to  have  been 
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fortuitous  since  the  rates  used  for  S1H2  insertion  into  C2H4  and  C2H2  have  since  been 
considerably  revised.  They  also  did  not  account  for  fall-off  in  the  decomposition  rate  of 
SisHfc.  Nevertheless,  their  results  point  to  the  possibility  that  organosilicon  species  could 
be  important  to  SiC  deposition  at  low  pressures  and  temperatures. 

Equilibrium  calculations  are  of  limited  value  at  the  lowest  temperatures  (873  K) 
used  in  the  experiments  of  Komiyama  et  al.,  since  the  gas-phase  chemical  reactions  will 
be  slow  due  to  high  activation  barriers  for  Si2H6  and  C2H4  decomposition.  However,  at 
the  higher  temperatures  used  by  them,  sufficient  thermal  energy  is  available  for  S^Hf, 
decomposition.  Given  the  thermal  energy  required  to  surmount  this  barrier,  other 
reactions  that  are  either  exothermic  or  have  lower  activation  barriers  can  proceed  toward 
equilibrium.  In  particular,  SiH2  insertion  into  C2H4  and  C2H2  is  quite  exothermic  (-56.6 
and  -66.0  kcal  mol1,  respectively)  and  the  barriers  to  reaction  are  small.  Sufficient 
energy  should  thus  be  present  in  the  system  for  these  molecules  to  continue  to 
decompose  (most  likely  by  H2  elimination)  to  form  other  stable  gas-phase  species.  We 
have  therefore  extended  our  equilibrium  calculations  to  the  experimental  conditions  used 
by  Komiyama  et  al  [7]  in  order  to  identify  those  organosilicon  species  that  are  the  most 
stable  under  their  conditions. 

Figure  5  shows  equilibrium  mole  fractions  assuming  a  ten-fold  excess  of  carbon, 
0.76  torr,  and  no  H2  carrier  gas,  as  used  in  one  set  of  experiments  by  Tanaka  and 
Komiyama  (71.  In  this  case,  C2H2  is  the  most  stable  hydrocarbon  at  all  but  the  lowest 
temperatures.  In  addition,  the  radical  S^C  appears  in  high  concentrations.  This  molecule 
would  not  be  a  product  of  the  SiH2  insertion  into  C2H4  and  C2H2  discussed  above.  Two 
species  that  would  form  from  such  reactions,  HCsCSiHj  and  HOCSiH,  are  present, 
however.  Possible  decomposition  products  of  these  molecules  are  also  present  (S1C2  and 
SiCCH).  This  indicates  that  SiH2  insertion  into  unsaturated  hydrocarbons  is  a  probable 
route  to  organosilicon  radicals  that  could  deposit  carbon  during  the  SiC  CVD  process,  as 
suggested  previously. 


Figure  4:  Mole  fractions  of  gas-phase 
species  as  a  function  of  temperature,  but 
with  no  solid  phases  allowed  to  form. 
Initial  conditions:  pressure  =  760  torr; 
moles  SiH4  =  0.49;  moles  CH4  =  0.51; 
Ar:Si  =  1000. 


Figure  5:  Mole  fractions  of  gas-phase 
species  as  a  function  of  temperature,  but 
with  no  solid  phases  allowed  to  form. 
Initial  conditions:  pressure  =  0.76  torr; 
moles  Si2Hfi  =  1.0;  moles  C2H4  =  1 1.0. 
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The  equilibrium  calculations  also  provide  an  explanation  why  stoichiometric  SiC  can 
be  deposited  at  such  low  (1073  K)  temperatures.  Figure  5  shows  that  radicals  containing 
only  Si  (with  or  without  hydrogen)  are  present  in  very  low  concentrations  (only  Si  atoms 
are  present  in  mole  fractions  above  10‘T)  The  excess  carbon  in  the  system  is  responsible 
for  the  increased  thermodynamic  stability  of  the  organosilicon  species.  Thus,  the  number 
of  gas-phase  species  that  can  deposit  excess  silicon  is  reduced. 

IV.  SUMMARY 

Equilibrium  calculations  are  reported  for  conditions  currently  used  to  deposit  silicon 
carbide  (SiC)  from  mixtures  of  silane  and  hydrocarbons  using  an  expanded  species  set 
that  includes  organosilicon  species.  The  results  suggest  that,  under  conditions  typically 
used  to  deposit  epitaxial  SiC  (760  torr,  high  Hr  concentrations,  and  temperatures  above 
1600  K)  organosilicon  species  play  little  if  any  role.  At  lower  temperatures  or  in  the 
absence  of  hydrogen  carrier  gas,  the  concentration  of  organosilicon  radicals  at  equilibrium 
increases  substantially.  Several  of  these  species,  including  SiC2  and  HSiC=CH,  are 
expected  to  be  products  of  the  reaction  between  SiH2  and  unsaturated  hydrocarbons  such 
as  C2H2  and  C2H4.  Although  the  rates  of  gas-phase  reactions  will  determine  the  actual 
concentrations  of  these  species,  the  large  exothermicity  of  the  S1H2  insertion  reactions 
indicates  that  SiC2  and  HSiC=CH  may  be  produced  in  quantities  sufficient  to  contribute 
significantly  to  carbon  deposition.  Thermodynamic  data  are  now  in  place  to  permit 
development  of  kinetic  models  to  proceed. 
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ABSTRACT 

A  kinetic  model  is  presented  for  the  deposition  of  silicon  carbide  through  decompo¬ 
sition  of  methyltrichlorosilane  (MTS).  The  developed  model  includes  gas  phase  (homo¬ 
geneous)  reactions  that  lead  to  formation  of  deposition  precursors  and  surface  (heteroge¬ 
neous)  reactions  that  lead  or  can  'cad  to  deposition  of  silicon  carbide,  silicon,  and  carbon. 
The  kinetic  model  is  incorporated  in  a  transport  and  reaction  model  for  a  tubular  hot-wall 
reactor,  and  the  overall  reactor  model  is  used  to  obtain  some  preliminary  results  on  the 
effects  of  pressure  and  distance  in  the  reactor  on  the  rate  of  deposition  and  the  composition 
of  the  deposit.  The  results  show  that  the  model  can  reproduce  most  of  the  experimental 
observations  of  the  literature. 

INTRODUCTION 

Because  of  the  various  chemical,  mechanical,  and  electronic  properties  of  silicon  car¬ 
bide,  its  study  has  been  a  subject  of  considerable  interest.  A  large  number  of  experimental 
studies  has  been  conducted  on  the  deposition  of  SiC  films  through  decomposition  of  var¬ 
ious  precursors  [11.  Deposition  from  methyltrichlorosilane  (CH^SiCl 3)  has  been  one  of 
the  most  frequently  studied  and  used  routes  for  SiC  deposition.  However,  the  results  of 
the  various  experimental  investigations  vary  widely  from  one  research  group  to  another, 
indicating  that  the  details  of  the  deposition  process  (and  hence,  the  deposition  rate)  are 
a  strong  function  of  the  experimental  conditions  and  of  the  experimental  arrangement 
(reactor  configuration)  used  to  carry  out  the  deposition  process  [1-3]. 

Our  own  experimental  investigation  of  SiC  deposition  from  MTS  showed  that  the 
deposition  rate  depends  on  the  distance  in  the  reactor,  suggesting,  among  other  things,  that 
the  decomposition  products  may  affect  the  deposition  process  and  its  rate  [22].  Subsequent 
studies  revealed  a  strongly  inhibitory  effect  of  HCl  on  the  deposition  process,  in  agreement 
with  results  obtained  by  other  investigators  [3].  Needless  to  say,  any  kinetic  model  for 
the  deposition  of  silicon  carbide  through  the  decomposition  of  MTS  should  account  for 
these  experimental  trends,  apart  from  the  observed  dependence  of  the  deposition  rate  on 
temperature,  pressure,  and  flow  rate. 

Presently,  most  oi  the  published  kinetic  modelling  studies  for  SiC  deposition  are  for 
codeposition  processes,  the  precursors  being  mixtures  of  silanes  and  hydrocarbons.  In  most 
cases,  more  effort  was  put  into  modelling  the  transport  phenomena  in  the  CVD  reactor 
than  the  chemistry  of  the  reacting  system  under  consideration  [5,6].  One  of  the  most 
complete  kinetic  modelling  studies  was  presented  by  Allendorf  and  Kee  [4],  who  studied 
the  deposition  of  silicon  carbide  from  silane  and  propane.  They  combined  detailed  kinetic 
mechanisms  for  the  decomposition  of  the  two  precursor  compounds,  and  incorporated  the 
homogeneous  chemistry  into  the  reaction  and  transport  model  of  a  rotating  disk.  The 
surface  chemistry  was  modelled  by  using  a  large  number  of  heterogeneous  reactions,  all 
leading,  directly  or  indirectly,  to  growth  of  stoichiometric  silicon  carbide.  Hence,  the  model 
cannot  account  for  the  deviations  from  stoichiometry  that  have  been  both  theoretically 
predicted  and  experimentally  observed  [12,14], 

A  kinetic  model  for  Si,  C ,  and  SiC  deposition  from  MTS  is  proposed  in  this  study. 
The  mechanism  includes  all  the  chemical  species  found  in  significant  quantities  in  exper¬ 
imental  studies  of  silicon  carbide  deposition  from  MTS ,  and  both  the  homogeneous  and 
heterogeneous  reactions  that  it  encompasses  arc  supposed  to  be  reversible.  The  kinetic 
model  is  incorporated  in  a  model  for  transport  and  reaction  in  a  tubular  hot-wall  reactor, 
ami  the  overall  model  is  used  to  obtain  some  preliminary  results  on  the  spatial  variation 
of  the  concentrations  of  the  gaseous  species  and  of  the  deposition  rate  and  on  the  effects 
of  reaction  pressure  on  the  stoichiometry  of  the  deposit.  More  results,  as  well  as  a  more 
detailed  description  of  the  mathematical  model,  will  be  given  in  future  publications. 
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MECHANISM  FOR  THE  DEPOSITION  OF  SiC  FROM  MTS 
Gas  Phase  Chemistry 

The  compounds  included  in  the  kinetic  mechanism  are  those  found  in  appreciable 
quantities  by  Ivanova  and  Plctyushkln  [13]  in  their  MTS  decomposition  study.  Their 
results  are  in  relative  agreement  with  thermodynamic  calculations  and  the  experimental 
findings  of  Bcsmann  and  Johnson  [2].  The  radical  species  included  in  the  mechanism 
are  either  gas  phase  decomposition  products,  intermediates  for  the  generation  of  stable 
compounds,  or  deposition  precursors. 

The  reactions  used  to  model  the  homogeneous  chemistry  of  the  system  are  given  in 
Table  1.  The  forward  rates  were  determined  using  the  results  of  various  gas  phase  kinetic 
studies,  while  the  reverse  rates  were  calculated  from  the  equilibrium  constants,  which 
in  turn  were  found  using  data  from  the  JANAF  Thermochemical  Tables  [26j  and  Barin 
[27].  The  equilibrium  constants  of  reactions  RIO  and  Rll  in  the  temperature  range  of  our 
computations  were  determined  bv  extrapolating  thermodynamic  data  for  given  in 

[Ul- 

Table  1.  Homogeneous  Reactions 

Rl.  CHiSiCh  -  SiCh  +  CH3 
R2.  SiCl3  +  Ht  -  StHClj  +  H 
R3.  SiHCh  -  SiCh  +  H Cl 
R4.  H2  —  2 H 

R5.  CH3  +  H2  -*  CHt  +  H 
RC.  SiCI3  +  HCl  -*  SiCU  +  H 
R7.  CH3  +  H  —>  CH2  +  H2 
RS.  CH2  +  CH3  -»  C2H,  +  H 
R9.  2 CH3  C2tf6 

RIO.  C2H6  +  H  -  C2H3  +  H2 
Rll.  C2H5  +  M  -  C2H4  +  H  +  M 
R12.  C2H4  -,C2H2  +  H2 

The  rate  constant  of  the  methyltrichlorosilanc  decomposition  reaction  was  taken  from 
Burgess  and  Lewis  [7],  and  that  of  R2  was  assumed  to  he  of  the  same  magnitude.  The 
reaction  sequence  leading  to  tri-  and  tetrachlorosilane  was  proposed  by  Ashen  ct  al.  [S], 
and  the  SiCl2  generating  reaction  by  Sirtl  ct  al.  [24].  Dichlorosilanc  was  not  included  in 
the  mechanism  because  in  studios  for  the  deposition  of  silicon  from  chlorosilanes  [24,23], 
its  concentration  was  found  to  be  one  order  of  magnitude  lower  than  those  of  the  other 
chlorosilanes. 

An  approximate  value  for  the  rate  constant  of  R3  was  taken  from  the  kinetic  study 
of  Clark  and  Tedder  [9],  who  gave  values  for  the  rate  constant  of  the  trichloromcthane 
decomposition  reaction.  The  rate  constant  for  RC  was  obtained  from  the  chlorosilane 
reduction  study  of  Ashen  ct  al.  [8],  and  the  constant  used  for  the  recombination  of  the 
hydrogen  radicals  was  the  one  used  in  the  methane  decomposition  study  of  Oreehkirta  ct 
al.  [15]. 

The  rate  constants  for  the  methane  and  acetylene  generation  reactions  were  obtained 
from  the  study  of  Allendorf  and  Kcc  [4],  Methane  is  the  main  carbon  hearing  species 
at  atmospheric  pressure,  while  the  formation  of  acetylene  is  favored  as  the  temperature 
increases  and  the  pressure  drops.  Ethylene  is  an  intermediate  species  for  the  generation  of 
C2H2 ,  and  two  alternative  routes  were  considered  for  its  production.  The  first  is  reported 
in  [4]  (attributed  to  Miller  and  Melius)  and  consists  of  reactions  R7  and  RS.  The  rate- 
constants  used  for  these  two  reactions  are  the  same  as  in  [4],  The  second  route  consist  ing  of 
R9,  RIO,  and  Rll  was  postulated  by  Cao  and  Back  [1 1],  who  used  the  proposed  mechanism 
to  interpret  both  their  experimental  results  and  those  of  previous  studies.  Westbrook  and 
Pitz  [10]  proposed  the  same  sequence  and  the  reaction  rate  constants  were  obtained  form 
their  work.  Our  simulation  results  showed  that  because  of  the  very  low  concentration  of 
the  methylene  radical  in  the  gas  phase,  the  first  route  behaves  as  a  kinetic  ‘bottle-neck' 


Table  2.  Heterogeneous  Reactions 
SRI.  SiCt2  +  [5]  -  [SiC/,]. 

SR2.  C2H2  +  2(5]  -  2\CH], 

SR3.  C2H.,  +  2[S]  -  2 \CH2), 

SR4.  [CH\,  +  H  -  [CH2], 

SR5.  CH3  +  [S]  -»  \CH3\. 

SRG.  [CH: )].,  +  H  -4  [CH2 ],  +  H2 
SR7.  SiCh  +  ]S]  -  |5('C/:i]» 

SRS.  [SiC/j],  +  H  ->  \S>Ct2],  +  HCl 
SR9.  \CH2}3  C  +  H2 
SR10.  [SiCfj],  +  H2  Si  +  2 HCl 
SRI  1.  [CH2],  +  [SiC/,.],  -  SiC  +  2HCI 
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within  the  range  of  conditions  employed  in  our  simulations.  Actually,  the  rate  of  ethylene 
production  through  the  first  route  is  so  low  that  the  mathematical  model  with  both  routes 
emploved  gives  results  identical,  for  all  practical  purposes,  to  those  obtained  with  the 
second  route  only. 

Heterogeneous  Reaction  Chemistry 

The  heterogeneous  reactions  that  were  included  in  the  mechanism  are  listed  in  Table 
2.  All  the  gas  phase  species,  except  MTS ,  CH.\ .  and  SiCl. *,  wore  assumed  to  participate 
in  deposition  leading  reactions.  Because  of  their  molecular  structure,  methane  and  totra- 
chlorosilane  have  a  very  low  probability  of  sticking  on  the  surface.  The  sticking  probability 
values  obtained  from  the  literature  [lG,17,20j  for  those  two  species  are  by  more  than  two 
orders  of  magnitude  lower  than  those  of  the  other  gases.  Mcthvltrichlorosilane  was  ex¬ 
cluded  because  its  gas  phase  decomposition  was  almost  instantaneous.  Reactions  of  either 
molecular  hydrogen  or  hydrogen  radicals  with  the  solid  deposit  were*  not  included  in  the 
mechanism  since  hydrogen  has  been  found  to  etch  silicon  carbide  only  at  temperatures 
higher  than  1700  K  [18,19j.  and  molecular  hydrogen  is  not  adsorbed  on  silicon  surfaces 

m 

Gupta  ct  al.  [20]  found  SiC!>  to  be  the  stable  silicon-bearing  surface  species,  and 
Langlais  et  al.  [23]  theoretically  predicted  that  it  should  be  the  main  species  involved 
in  silicon  deposition.  Hence,  its  reduction  by  hydrogen  is  treated  as  the  silicon  deposit¬ 
ing  reaction,  and  that  of  abstraction  of  hydrogen  from  adsorbed  methylene  is  assumed  to 
lead  to  carbon  deposition.  Erptal  amounts  of  deposited  carbon  anti  silicon  are  assumed 
to  instantaneously  react  producing  silicon  carbide,  the  excess  remaining  as  free  carbon  or 
silicon.  Direct  formation  of  silicon  carbide  occurs  through  a  double  desorption  step  (reac¬ 
tion  SRll)  involving  adsorbed  SiCli  and  CHi-  Since  reactions  SR  10  and  SR  11  involve 
formation  of  HCl,  accumulation  of  HCl  in  the  gas  phase  ran  suppress  the  deposition  of 
Si  and  SiC  if  the  two  reactions  are  reversible. 

In  order  to  be  able  to  use  the  kinetic  model  to  describe  the  deposition  process,  we 
need  rate  constants  for  the  forward  and  backward  steps  of  each  reaction.  Values  for  the 
rate  constants  for  the  forward  steps  of  the  adsorption  reactions  (SRI.  SR2.  SR3.  SR.j. 
and  SR 7 )  and  reactions  involving  a  gas  phase  species  and  surface  species  (SRI.  SRC. 
and  SRS)  can  be  obtained  by  assuming  that  the  forward  rate  is  equal  to  the  collision 
frequency  of  the  gaseous  species  with  the  surface  multiplied  by  its  sticking  coefficient 
and  the  fractional  surface  coverages  of  the  surface  species  involved  in  the  reaction.  For 
the  backward  rate  constants  of  the  above  reactions  and  the  rate  constants  of  the  solid 
deposition  reactions  (SR9,  SR  10.  and  SRll).  the  only  available  alternatives  are  to  treat 
them  as  model  parameters  and  determine  their  values  by  fitting  the  model  predictions  to 
the  experimental  data  or  try  to  estimate  their  values  from  first  principles. 


TRANSPORT  AND  REACTION  MODEL 

The  kinetic  mechanism  was  incorporated  into  a  steady-state  transport  and  reaction 
model  for  a  plug  flow  reactor.  The  mass  balance  equations  for  the  gaseous  species,  ex¬ 
pressed  in  terms  of  partial  pressures,  are  written: 


d(up,/nT) 

dz 


(1) 


u  is  the  velocity  of  the  gaseous  mixture,  R  is  the  ideal  gas  constant,  T  is  the  temperature, 
arid  t/tfl  is  the  stoichiometric  coefficient  of  species  i  in  reaction  p. 

For  the  surface  reactions,  the  volumetric  rate  of  reaction  is  given  by  =  SR,t,. 
with  /?,„  being  the  intrinsic  rate  of  the  heterogeneous  reaction  (per  unit  area)  and  S 
th  e  reactor  surface  area  per  unit  of  reactor  volume  (=4  /  reactor  diameter).  The  mass 
balances  for  the  surface  species  have  the  form: 


=  ° 


Heat  effects  associated  with  the  occurrence  of  the  reactions  are  neglected.  Assuming 
that  there  is  negligible  pressure  drop  in  the  reactor,  i.c.y  J2,Pi  SPS  constant,  eq.  (1) 
may  be  summed  over  i  (i  varying  over  the  gas  phase  species)  to  obtain  the  equation  giving 
the  variation  of  the  velocity  of  the  gas  mixture  in  the  reactor: 
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d(u/RT) 

p~w~ 


i  P 


(3) 


Eqs.  (l)-(3)  are  solved  simultaneously  along  the  length  of  the  reactor  to  obtain  the 
variation  of  the  concentrations  of  gas  phase  and  surface  species  in  the  reactors.  Any  solver 
designed  for  algebraic-differential  equation  systems  suffices  for  this  purpose. 


DISCUSSION  OF  SOME  RESULTS 

All  results  presented  and  discussed  in  this  section  are  for  isothermal  reaction  con¬ 
ditions,  operation  at  1300  K,  and  with  the  feed  containing  H2  and  MTS  only  at  a  10:1 
ratio.  We  will  first  present  and  discuss  results  for  the  case  in  which  only  the  gas  phase 
reactions  arc  allowed  to  take  place.  Such  results  help  us  understand  the  dynamics  of  the 
gas  phase  reactions  independently  of  the  reactions  occurring  on  solid  surfaces  and  thus 
obtain  an  order  of  magnitude  estimate  of  the  distance  or  equivalently  space  velocity  or 
residence  time  needed  to  reach  thermodynamic  equilibrium  in  the  gas  phase. 

Gas  Phase  Reactions  Only 

Figs.  1  and  2  present  simulation  results  for  the  variation  with  the  residence  time  in 
the  reactor  of  the  concentrations  of  the  gas  phase  species  for  1  atm  total  pressure  and  with 
only  the  homogeneous  reactions  taking  place.  The  results  for  HCl  are  displayed  in  Fig.  1 
along  with  those  of  the  silicon  species,  and  Fig.  2  shows  the  variation  of  the  concentrations 
of  the  carbon  species.  The  concentration  vs.  time  curve  for  H 2  is  shown  in  both  figures 
for  comparison. 


Residence  Time,  s  Residence  Time,  s 


Figure  I.  Concentration  vs.  residence  Figure  2,  Concentration  vs.  residence 

time  for  the  carbon  species,  p  =  1  atm;  time  for  the  silicon  and  chlorine  species. 

T  =  1300  K;  MTS:Ht= 1:10.  p  =  1  atm;  T  =  1300  K;  MTS:H,= 1:10. 

It,  is  seen  from  the  results  of  Figs.  1  and  2  that  while  the  decomposition  of  methyl- 
trichlorosilanc  is  almost  instantaneous  its  concentration  drops  by  almost  seven  orders 
of  magnitude  in  about  0.01  s  all  the  o' her  species  require  residence  times  of  more  than 
1000  s  to  reach  their  equilibrium  concentrations.  In  view  of  the  fact  that  much  smaller 
residence  times  are  encountered  in  typical  CVD  or  CVI  reactors,  this  result  suggests  that 
even  in  the  absence  of  heterogeneous  reactions,  it  is  the  kinetics  of  the  problem  that  de¬ 
termine  its  behavior  and  not  its  thermodynamic  equilibrium.  The  shapes  of  the  various 
concentration  vs.  time  curves  indicate  that  the  times  constants  encountered  in  the  process 
cover  a  relatively  broad  range  of  values. 

With  Surface  Reactions 

Only  a  few  preliminary  results  that  underscore  the  capacity  of  the  mathematical 
model  to  reproduce  and  explain  most  of  the  experimental  observations  made  on  the  depo¬ 
sition  of  StC  from  MTS  are  presented  and  discussed  here.  They  arc  are  for  a  cylindrical 
geometry  reactor  (1.5  cm  in  diameter)  with  the  reactive  mixture  entering  the  reactor  with 


600  ml/ min  flow  rate  at  standard  conditions.  Since  there  are  no  data  available  for  sticking 
coefficients  on  SiC  surfaces,  we  used  data  obtained  from  studies  on  silicon  surfaces.  The 
sticking  coefficients  of  all  radical  species  were  assumed  to  be  unity.  The  reactive  sticking 
coefficient  of  acetylene  (2  x  1Q~2)  was  obtained  from  the  work  of  Mogab  and  Leamy  (16], 
and  that  ethylene  (2  x  10~3)  from  the  study  of  Stincspring  and  Wormhoudt  [17], 

Computations  were  carried  out  for  several  sets  of  values  for  the  unknown  rate  con¬ 
stants  of  the  heterogeneous  reactions.  For  the  results  discussed  here,  reactions  SR4,  SR6, 
SR8,  SR10,  and  SR11  were  treated  as  irreversible,  and  the  rate  of  reaction  SR9  was  set 
equal  to  zero.  The  backward  rate  constants  of  SRI  and  SR7  (expressed  in  kmoI/m2  s)  were 
obtained  by  multiplying  the  forward  rate  constants  (expressed  in  kmol/jn2  s  atm)  by  10-2. 
Similarly,  the  backward  rate  constants  of  reactions  SR2.  SR3,  and  SR5  were  set  equal  to 
the  forward  constants  times  10-3.  Estimates  for  the  forward  rates  of  the  deposition  re¬ 
actions  (SR10  and  SR11)  were  obtained  by  requiring  that  the  deposition  rates  predicted 
by  the  model  be  of  the  same  order  of  magnitude  as  the  experimental  rates  seen  in  our 
experiments  [22]  and  in  other  studies  of  the  literature.  Thus,  the  forward  rate  constant 
of  reaction  SR10  (expressed  in  kmoI/m2s-atm)  was  set  equal  to  the  constant  obtained 
from  the  collision  frequency  of  H2  multiplied  by  1D-S,  while  the  rate  constant  of  SRll 
(expressed  in  kmol/m2  s)  was  taken  as  an  order  of  magnitude  higher  than  that  of  SR10. 


0.00  0.06  0.0  0.18  0.24  0.30  0.00  0.06  0.12  0.18  0-24  0.30 

Distance  in  the  Reactor,  m  Distance  In  the  Reactor,  m 

Figure  3.  Deposit  stoichiometry  vs.  dis-  Figure  4.  Si  deposition  rate  vs.  distance, 
tancc.  T  =  1300  K;  MTS:H2~  1:10.  T  =  1300  K;  MTS:H2-\:W. 

Figs.  3  and  4  present  the  variation  of  the  stoichiometry  of  the  deposit  and  of  the 
rate  of  Si  (as  SiC  or  Si)  deposition,  respectively’,  with  the  distance  from  the  entrance  of 
the  reactor  for  three  values  of  partial  pressure  (1,  0.1,  and  0.01  atm).  It  is  seen  that  the 
composition  of  the  deposit  depends  strongly  on  the  gas  phase  pressure  in  the  reactor,  a 
result  seen  in  most  experimental  studies.  The  stoichiometry  of  the  deposit  improves  with 
decreasing  pressure  because  at  high  pressures  the  dominant  stable  carbon  species  is  CH 4. 
while  low  H2  partial  pressures  favor  the  formation  of  more  reactive  stable  species  (namely, 
CiH,  and  ('2  ) .  It  should  be  noted  that  it  is  the  partial  pressures  of  the  reactive  species 

that  influence  the  behavior  of  the  system  and  not  the  total  pressure  itself.  The  total 
pressure  in  the  reactor  appears  explicitly  in  the  mathematical  model  only  in  the  kinetics 
of  reaction  R12  (through  the  concentration  of  species  A/),  and  as  a  result,  its  effects  on 
the  behavior  of  the  system  are  rather  weak.  The  effects  of  total  pressure  on  the  deposit 
stoichiometry  and  the  other  variables  of  the  process  may  be  reproduced  by  the  model  by 
using  an  inert  species  to  dilute  the  feed  and  thus  lower  the  partial  pressures  in  the  gas 
phase. 

The  deposit  stoichiometry  remains  almost  constant  over  some  distance  from  the 
entrance  of  the  reactor,  but.  then  it  goes  through  a  relatively  fast  change,  for  0.1  and  1 
atm  pressure,  with  silicon  practically  becoming  the  only  deposition  product.  This  also 
happens  for  0.01  atm  pressure  hut  for  much  larger  residence  times,  outside  the  observation 
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window  of  Fig.  3.  At  the  point  of  stoichiometry  change,  the  deposition  rate  also  undergoes 
a  significant  change  (see  Fig.  4).  This  phenomenon  is  not  due  to  lepletion  of  silicon  am! 
carbon  since  more  than  50%  of  carbon  and  silicon  contained  m  the  feed  is  still  present  in 
the  reactor  at  1  atm  when  the  carbon  to  silicon  ratio  starts  to  decrease,  and  more  than 
70%  at  0.1  atm. 

The  results  of  Fig.  4  indicate  that  the  dependence  of  the  deposition  rate  on  pres 
sure  and  distance  in  the  reactor  is  rather  complex.  Depending  on  where  measurement  - 
are  taken,  the  deposition  rate  for  the  case  considered  in  Fig  4  may  vary  monntonically 
with  the  reaction  pressure  (increase  or  decrease)  or  present  an  extremum  (maximum  oi 
minimum)  between  0.01  and  1  atm.  It  is  not  surprising,  therefore,  that  there  is  consid¬ 
erable  disagreement  in  the  literature  oti  tne  effects  of  the  various  operational  p.irnmrtoi- 
on  the  deposition  rate  from  MTS.  (Notice  that  the  effects  of  pressure  on  deposit  -to 
ichiometrv  and  deposition  rate  may  differ  quantitatively  from  those  of  Figs.  3  and  i  if 
one  allows  for  third  hotly  collisions  in  the  unimolecular  steps  of  the  reactions  of  Tabu-  1. 
the  decomposition  of  MTS,  for  instance.)  Tie’  results  of  Fig.  4  indicate  that  in  order  to 
make  experimental  data  for  the  MTS-SiC  system  useful  to  other  workers  in  the  area,  tie- 
person  reporting  the  data  should  make  available  not  only  the  temperature,  pressure,  ai  d 
composition  of  operation,  but  the  reactor  configuration,  substrate  dimensions,  position  of 
measurement,  and  temperature  field  in  the  reactor  as  well. 
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ABSTRACT 

The  deposition  rate  from  mixtures  of  methyltrichlorosilane 
(MTS) ,  hydrogen  and  methane  was  measured  thermogravimetrically 
using  a  hot  wall  vertical  reactor  and  planar  Sic  substrates. 
Below  850°C  and  at  sufficiently  high  gas  velocities,  the  rate  of 
the  phase  boundary  reaction  could  be  determined.  In  the  absence 
of  CH4  and  at  H2:MTS=55,  Si  was  deposited  together  with  Sic. 
Addition  of  CH4  lowered  the  Si  content,  pure  Sic  beinq  deposited 
at  CH4:MTS  above  10.  The  deposition  rate  j  in  the  range  750  to 
850°C  follows  the  equation 

j  =  j (Si)  +  j (SiC)  =  k(Si) -exp(-E(Si) /RT) • [MTS]  1  + 

+  k  (SiC)  •  exp (-E (SiC)  /RT)  •  [MTS]0'5 
with  E(Si)  =  160  and  E(SiC)  =  300  kJ/mol.  Reaction  mechanisms  are 
presented  to  account  for  the  observed  reaction  orders  with  res¬ 
pect  to  MTS.  Between  900  and  970°C,  the  reaction  rate  decreased 
with  temperature  indicating  a  change  in  the  deposition  mechanism. 


INTRODUCTION 

Chemical  vapor  deposition  of  Sic  was  first  investigated  in 
the  1960s  to  prepare  diffusion  barriers  on  nuclear  fuel  par¬ 
ticles  [1].  Later,  technical  interest  in  SiC  deposition  focussed 
on  fiber-reinforced  ceramic  materials  for  high-temperature  ap¬ 
plications  [2,3].  Improved  oxidation  resistance  of  carbon  fibers 
coated  with  Sic  and  improved  mechanical  strength  of  porous  cera¬ 
mic-matrix  composites  vapor  infiltrated  with  SiC  are  potential 
benefits  obtained  from  vapor  deposited  Sic. 

In  CVD,  homogeneous  gas  reactions,  transport  processes  in 
the  gas  phase,  and  heterogeneous  reactions  on  the  substrate 
surface  have  an  influence  on  the  deposition  rate  and  on  the 
composition  of  the  deposit.  For  SiC  formation,  the  starting  gas 
mixture  is  typically  methyltrichlorosilane  (MTS)  plus  hydrogen. 
It  is  known  that  MTS  decomposes  readily  before  reaching  the  sub¬ 
strate  [8],  and  that  the  Si  and  C  activities  in  the  gas  phase  may 
be  shifted  resulting  in  a  deposit  of  Si  or  C  together  with  SiC. 
At  temperatures  below  1100°C,  MTS-Hj  mixtures  are  reported  to 
lead  to  codeposition  of  Si+SiC,  with  a  rising  Si/C  ratio  at  lower 
temperatures  [4-7].  For  a  uniform  deposition  on  a  given  substrate 
and  for  good  penetration  during  chemical  vapor  infiltration,  the 
gas  diffusion  rate  should  be  higher  than  the  rate  of  the  deposi¬ 
tion  reaction. 

It  was  the  aim  of  the  present  investigation  to  determine, 
at  1  bar  total  pressure,  the  corresponding  temperature  and  par¬ 
tial  pressure  ranges  to  deposit  pure  SiC.  Previous  work  [1,4, 8, 9] 
was  taken  into  account. 
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EXPERIMENTAL 

The  deposition  kinetics  were  measured  thermograv inet r ica i ly 
using  a  vertical,  externally  heated  Al-tO,  tube  as  reaction  chan- 
ber  with  27  mm  inner  tube  diameter  and  lOO  mm  vertical  length  of 
the  isothermal  zone.  The  planar  substrate,  10x50x1.6  mm,  was 
connected  to  the  thermoscale  (Sartorius)  via  a  magnetic  coupling 
device,  which  kept  the  corrosive  gases  away  from  the  scale.  As  a 
substrate,  ot-SiC  (ESK  Kempten)  was  used.  Before  starting  the 
measurements,  a  uniform  layer  of  SOum  of  ii-sic  was  deposited  at 
1100 °C.  Each  substrate  was  used  for  a  number  of  measurements, 
until  the  mass  increase  was  3.5  g  and  the  layer  reached  1.2  nr. 
thickness.  Methy ltrichlorosilane  (CH^SiCl^)  from  Wacker  Chemie 
was  evaporated  in  a  thermostat  into  a  stream  of  hydrogen  gas.  The 
mixture  was  then  cooled  to  a  slightly  lower  temperature  to  recon¬ 
densate  some  MTS  and  establish  MTS  saturation  in  the  gas  stream. 
Hydrogen  and  methane  purities  were  5.0  and  2.5,  respect i vel y .  All 
experiments  were  carried  out  at  1  bar  total  pressure  with  partial 
pressures  ranging  from  0.01  to  0.045  bar  for  MTS  and  from  0  to 
0.5  bar  for  CH4.  The  Si/C  ratio  in  the  deposit  was  determined  by- 
electron  beam  microprobe  analysis. 


RESULTS  FOR  TEMPERATURES  BETWEEN  750  AND  850»C 

In  order  to  measure  reaction-control  led  deposition  rates, 
the  influence  of  the  total  gas  flow  rate  on  the  reaction  rate  was 
determined,  Figure  1.  Below  850°C,  the  rate  became  independent  of 
the  gas  velocity  at  V;<)|  >  120  1/h  (standard  conditions).  It  was 
in  this  range  of  temperatures  and  gas  flow  rates  that  the  reac¬ 
tion  rates  were  determined  versus  partial  pressure  and  tempera¬ 
ture.  The  deposition  resulted  in  smooth,  uniform  layers  over  the 
entire  substrate.  The  composition  of  the  layer  as  determined  by 
EBMA  was  75  at%  Si  and  25%  C.  X-ray  analysis  showed  poorly  cry¬ 
stallized  Si  and  0- SiC.  Above  850°C,  gas  diffusion  had  a  major 
influence  on  the  overall  deposition  rate. 


P  -  p  *  p  =1  bar 

tot  Hi 


V,  ,  /  Nl  h' 

fo» 


Eia 


1 :  Deposition  rate  from  MTS + Hi  as  a  function  of  temperature 
and  total  gas  flow  rate 
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The  addition  of  methane  to  the  MTS-Hi  mixture  lowered  the 
Si/C  ratio  of  the  product  until  pure  SiC  was  deposited.  Figure  2 
shows  the  silicon  and  carbon  contents  of  deposits  formed  at  870°C 
and  increasing  CH4  contents.  A  ratio  of  CH4/MTS  >  15  was  required 
at  870°C  to  completely  suppress  the  formation  of  elemental  sili¬ 
con.  At  lower  temperature,  this  ratio  is  even  higher.  Tests  to 
measure  the  deposition  kinetics  of  pure  sic  were  run  at  15  < 
CH4/MTS  <30. 
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Fig.  2:  Effect  of  the  CH4/MTS  ratio  on  the  composition  of  the 
deposit  as  determined  by  microprobe  analysis 


With  MTS-hydrogen  mixtures,  the  kinetics  were  measured  at 
total  flow  rates  of  130  1/h  and  MTS  flow  rates  between  1  and 
5  1/h.  The  experimental  results  are  summarized  in  Figure  3.  The 
different  symbols  represent  measured  values  at  four  temperatures 
between  770  and  845°C.  From  the  slope  of  the  straight  lines  the 
reaction  order  with  respect  to  MTS  is  seen  to  increase  from  0.60 
at  845°C  to  0.74  at  770°C.  At  the  two  highest  temperatures,  the 
measured  values  fall  below  the  straight  lines  at  the  highest  MTS 
partial  pressure,  because  gas  diffusion  starts  influencing  the 
overall  rate.  The  deviation  at  795"C  may  be  caused  by  a  slight 
misplacement  of  the  thermocouple.  A  mixture  of  Si+SiC  was  depo¬ 
sited  in  this  series. 

The  results  obtained  with  MTS-hydrogen-methane  mixtures  are 
presented  in  Figure  4.  The  flow  rates  were  56  1/h  H2,  50  1/h  CH4 
and  1.4  to  4.5  1/h  MTS.  The  reaction  order  for  MTS  was  0.5  at  all 
temperatures.  Pure  SiC  was  deposited  in  this  series  of  tests. 
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Fia.  3:  Deposition  rates  of 
Si+SiC  from  MTS+H2 •  Flow  rates 
were  126  1/h  for  H2,  1  to  5 
for  MTS.  Symbols  represent  ex¬ 
perimental  values,  straight 
lines  were  calculated  from 
eq. (1) . 


Fig.  4:  Deposition  rates  of 
SiC  from  MTS+H2+CH4.  Flow 
rates  were  56  1/h  for  Ht, 

50  for  MTS,  the  ratio 
CH4/MTS  was  11  to  35.  Sym¬ 
bols  represent  experimen¬ 
tal  values,  straight  lines 
were  calculated  from  eq. (1) 


RATE  EQUATION  AND  REACTION  MECHANISM 

The  experimental  results  indicate  that  the  deposition  rate 
of  pure  Sic  is  proportional  to  [MTS]0-5,  while  for  the  mixed 
deposition  of  Si+SiC,  the  reaction  order  with  respect  to  MTS  is 
between  0.5  and  1,  increasing  with  falling  temperature.  Since  the 
Si/C  ratio  in  the  layer  deposited  from  MTS-hydrogen  mixtures 
increases  with  lower  temperature  [4-7],  it  may  be  concluded  that 
the  Si  deposition  is  a  first  order  reaction  and  that  the  measured 
rate  for  Si-SiC  codeposition  is  the  sum  of  the  two  individual 
deposition  rates  for  Si  and  for  Sic  assumed  to  be  independent  of 
each  other, 

j  =  j (Si)  +  j (SiC)  =  k(Si) -exp(-E(Si) /RT) - [MTS] 1  + 

+  k(SiC) •exp(-E(SiC) /RT) • [MTS]05.  (1) 

j,  k,  and  E  are  rate,  rate  constant,  and  activation  energy, 
respectively,  and  the  brackets  denote  concentrations. 


45 


Eq.(l)  was  used  to  evaluate  the  experimental  data  for  Si/SiC 
codeposition.  Figure  3 ■  With  E(Si)  =  160  and  E(SiC)  =  300  kj/mol 
and  adapted  values  for  k(Si)  and  k(SiC),  the  straight  lines  in 
Figure  3  were  calculated  from  eg. (1),  showing  good  agreement 
between  experiments  and  proposed  rate  equation. 

The  second  term  j (SiC)  of  eq. (1)  was  applied  to  the  results 
from  MTS-H2-CH4  mixtures.  The  absolute  measured  rates  were  lower 
by  a  factor  of  2.5  than  the  values  from  eq.(l)  at  all  temperatu¬ 
res.  The  straight  lines  in  Figure  4  were  calculated  from  eq.(l) 
with  this  correction,  then  showing  excellent  agreement. 

A  tentative  mechanism  was  developed  to  explain  the  diffe¬ 
rent  reaction  orders  for  Si  and  Sic  deposition.  The  reaction 
sequence  leading  to  Si  formation  is  suggested  to  be 


CH3SiCl3  =  C*  +  Si*, 

(slow) 

(2) 

Si*  +  nH2  =  Si  +  2n  H*. 

( fast) 

(3) 

The  species  C*  and  Si*  are  intermediate 

decomposition 

pro- 

ducts  of  MTS,  containing  C  and  Si,  respectively,  with  no  further 
information  on  their  analyses  and  properties. 


Hence,  the  rate  of  Si  deposition  is 


j  (Si)  -  [Si*]  -  [CH3SiCl3]>. 

(4) 

The  corresponding  reaction  sequence  for  Sic 

formation  may 

be 

CH3SiCl3  =  C*  +  Si*, 

( fast) 

(5) 

C*  +  Si*  =  Sic  +  ... 

(slow) 

(6) 

Since  (5)  is  assumed  to  be  fast,  this 
equilibrium  (K  =  equilibrium  constant) , 

reaction  will 

reach 

K  =  [C*]  [Si*]/(CH3SiCl3] . 

(7) 

If  the  species  C*  and  Si*  are  only  formed  by  MTS  decomposi¬ 
tion,  their  concentrations  must  be  equal,  thus 


K  =  [C*]2/[CH3SiCl3J.  (8) 

According  to  eq. (6)  the  rate  of  Sic  deposition  is 

3 (Sic)  -  [C*J[Si*].  (9) 


Since  silicon  species  are  reported  to  be  more  strongly 
adsorbed  than  carbon  species  [11,12),  surface  saturation  in 
Si  may  be  assumed.  Then, 


j(SiC) 


[C*]  -  [CH3SiCl3)°-5. 


(10) 
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RESULTS  FOR  TEMPERATURES  ABOVE  850°C 

A  few  tests  carried  out  at  higher  temperatures  revealed  an 
anomalous  behavior  of  the  deposition  rate  as  a  function  of  tempe¬ 
rature  and  gas  flow  rate:  At  relatively  low  total  flow  rate 
(70  1/h) ,  the  rate  decreased  with  temperature  above  870°c.  Rising 
flow  rates  accelerated  the  deposition  rate  strongly  and  did  not, 
as  below  870°C,  lead  to  a  saturating  value.  Possibly,  a  change  in 
the  reaction  mechanism  takes  place  around  900 "C.  Assuming  that 
one  of  the  intermediate  species  essential  for  the  deposition 
reaction  is  eventually  consumed  at  the  higher  temperatures  by  a 
homogeneous  gas  reaction,  higher  gas  velocity  will  shorten  the 
time  available  for  this  side  reaction  and  therefore  increase  the 
deposition  rate,  see  Figure  1.  920°C.  Methane  seems  to  be  effec¬ 
tive  in  retarding  this  side  reaction,  while  at  lower  tempera¬ 
tures,  it  solely  raises  the  carbon  activity  in  the  system  thus 
suppressing  the  deposition  of  free  Si. 

The  rate  anomaly  of  Sic  deposition  above  900°C  has  been 
reported  previously  [4,10],  More  informations  are  required  to 
quantitatively  describe  the  process  in  this  range. 
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ABSTRACT 

The  CVD  of  SijN4  from  SiF4  aid  NH3  gaseous  precursors  was  studied  using  a  hot- 
wall  reactor  in  the  temperature  range  of  1340  to  1490°C.  The  effects  of  temperature,  time, 
flow  rate,  and  SiF,j/NH3  molar  ratio  on  deposition  rate  and  axial  and  radial  deposition 
profiles  were  identified.  The  decomposition  characteristics  of  pure  NH3  and  S1F4  were 
studied  utilizing  mass  spectroscopy  and  compared  to  thermodynamic  predictions. 

INTRODUCTION 

Si3N4  coatings  have  been  successfully  fabricated  by  CVD  (chemical  vapor 
deposition)  for  use  in  various  microelectronic  and  structural  applications.  Si3N4  can  be 
deposited  from  a  wide  variety  of  silicon  containing  precursors  such  as  SiCU,  S1F4,  SiHsCh. 
SiH4,  etc.  NH3  is  the  most  widely  used  nitrogen-containing  precursor  for  the  Si3N4 
deposition  although  N^Hg  and  N2  have  been  occasionally  used.  In  general,  the  CVD  of 
crystalline  St3N4  has  been  achieved  at  temperatures  above  ~1300°C  using  SiCl4-NH3  and 
SiF4-NH3  precursor  mixtures.  Kingon  et  at.  [1 1  studied  the  thermodynamics  of  the  Sil  I4- 
NH3,  SiCl4-NH3,  and  SiF4-NH3  precursor  systems  in  the  temperature  range  of  500  to 
1700°C.  Interestingly,  the  thermodynamic  analysis  predicted  that  S13N4  would  not  be 
deposited  above  - 1 3(X)°C  from  the  SiF4-NH3  system.  Galasso  and  his  co-workers  (2-5] 
were  able  to  experimentally  deposit  S13N4  at  these  high  temperatures  indicating  that 
deposition  was  controlled  by  kinetics  and/or  transport  phenomena.  This  investigation  was 
initiated  to  identify  critical  kinetic  issues  concerning  the  SiF4-NH3  CVD  system. 

EXPERIMENTAL 

SiF4  (99.99%)  and  NH3  (99.9%)  were  separately  introduced  into  a  cylindrical 
graphite  reton  using  a  water-cooied,  co-axial  dual-path  injector  constructed  of  stainless  steel. 
The  graphite  retort  was  placed  vertically,  and  the  gas  flow  direction  was  upward.  The  retort 
was  heated  by  graphite  heating  elements  which  enclosed  the  retort.  The  inside  diameter  and 
length  of  the  graphite  retort  were  13.3  cm  and  56.9  cm,  respectively.  A  quadrupole  mass 
spectrometer  located  in  the  downstream  of  the  reactor  was  used  to  monitor  effluent  gas 
composition.  An  orifice  probe  technique  was  used  to  sample  the  exhaust  gas  by  differentially 
pumping  the  mass  spectrometer  chamber.  Graphite  rods  of  0.63  cm  diameter  and  30  cm 
length  were  fixed  vertically  to  probe  deposition  rate  as  a  function  of  axial  location  in  the 
retort.  Following  deposition  of  S^Na,  the  graphite  rods  were  sectioned  into  1  cm  length 
cylinders  at  specific  axial  locations  and  the  graphite  was  removed  by  oxidation  at  ~650°C. 
The  remaining  coating  shells  were  then  analyzed.  The  utilization  of  a  water  cooled  injector  at 
the  reactor  inlet  caused  significant  temperature  gradients  in  the  axial  direction.  The 
temperature  profiles  shown  in  Figure  1  were  measured  along  the  reactor  centerline  using  a 
platinum-rhodium  thermocouple.  Peak  temperatures  were  measured  at  approximately  35  cm 
from  the  reactor  inlet.  The  total  temperature  gradient  from  t...  reactor  inlet  to  the  peak 
temperature  location  was  about  70°C.  The  "nominal"  temperatures  listed  in  Figure  1  were 
temperatures  measured  using  an  optical  pyrometer  focused  on  the  outer  wall  of  the  graphite 
retort  at  -28  cm  from  the  retort  inlet. 

RESULTS 

Changes  in  deposition  rate  were  measured  as  a  function  of  radial  position  by  placing 
graphite  rods  at  various  radial  locations.  As  shown  in  Figure  2,  the  deposition  rates 
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Figure  1.  Axial  temperature  profiles  measured  by  a  thermocouple  along  the  reactor  center 
line  while  flowing  688  cnvVmin  of  Ar  at  1.8  torr.  The  nominal  temperature  was 
measured  using  an  optical  pyrometer  focused  on  the  outer  wall  of  the  deposition 
chamber  -28  cm  from  the  reactor  inlet . 

decreased  in  the  outward  radial  direction  at  the  2.5  cm  and  7.6  cm  axial  locations  whereas  the 
radial  deposition  profile  became  relatively  uniform  at  more  downstream  locations.  The 
significant  radial  divergence  near  the  reactor  entrance  region  was  attributed  to  inadequate  gas 
mixing.  Similar  deposition  rates  were  observed  for  the  rods  placed  radially  on  the  opposite 
side  of  each  other  at  1 .9  cm  from  the  reactor  center  suggesting  that  the  flow  characteristics  in 
the  reactor  were  basically  axisymmetric.  The  rest  of  data  reported  in  this  paper  was  obtained 
by  placing  one  rod  at  the  1.9  cm  location. 

Deposition  temperature  was  found  to  be  the  most  dominant  and  important  variable  for 
the  Si3N4  process.  Both  deposition  rate  and  axial  deposition  profiles  were  strongly 
influenced  by  the  deposition  temperature.  As  shown  in  Figure  3,  the  deposition  rate 
measured  at  2.5  cm  from  the  reactor  inlet  increased  exponentially  with  temperature  as  the  total 
flow  rate  was  held  constant  at  688  cm^/min  at  STP.  An  apparent  activation  energy  value  of 
62  kcal/mole  was  calculated  at  the  2.5  cm  location.  Some  experiments  were  repeated  to 
assess  the  data  reproducibility.  Although  the  observed  trends  were  clearly  reproducible, 
measured  values  varied  by  as  much  as  30%  in  some  cases.  This  uncertainty  level  could  be 
attributed  to  temperature  control.  Temperature  fluctuations  of  ±10°C  were  routinely 
monitored  by  the  optical  pyrometer  during  deposition.  In  comparison  to  the  strong 
temperature  effects  shown  in  Figure  3,  the  ±1()°C  fluctuations  were  sufficient  to  cause  the 
observed  variation  in  the  reproducibility  data. 

The  curvature  of  the  deposition  rate  profiles  became  much  steeper  as  the  nominal 
temperature  increased.  This  behavior  was  most  likely  caused  by  faster  depletion  of  the 
reagents  with  increased  temperature.  At  downstream  locations,  the  Arrhenius  relationship 
between  the  deposition  rate  and  temperature  was  not  clearly  observed  because  of  the 
depletion  phenomenon.  As  the  temperature  increased,  "etch  lines"  were  observed  closer  to 
the  injector.  The  term  "etch  line"  was  used  to  describe  the  axial  location  which  divided  the 
reaction  chamber  into  two  zones;  the  deposition  zone  and  the  etching  zone  where  Si^Na 
deposition  ceased. 


Weight  Gain  (mg/crn  2 )  m  Weight  Gain  (rng/cm 
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Axial  deposition  profiles  obtained  as  a  function  of  radial  location;  nominal 
temperature  =  1440°C,  pressure  =  1.8  torr,  time  =  4  h.  The  radial  distance  was 
measured  from  the  reactor  center. 
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Figure  3.  Effect  of  nominal  temperature  on  axial  deposition  profile:  pressure  =  1.8  torr, 
Nll3/SiF4  ratio  =  6,  total  flow  rate  =  688  cmtytnin,  and  time  =  4  h. 
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Decreasing  the  total  flow  rale  from  688  to  4 1 3  cm Vmin  resulted  in  a  slight  decrease  in 
deposidon  rate.  In  addition,  the  exponential  increase  in  the  deposition  rate  with  temperature 
was  no  longer  evident  at  the  2.5  cm  rod  location.  These  results  indicated  that  the  apparent 
activation  energy  values  were  dependent  on  transport  factors.  For  comparison,  the  apparent 
activation  energy  value  of  ~47  kcal/mole  was  calculated  using  the  data  reported  by  Galasso  ei 
al.  [4]  who  used  a  cold-wall  reactor  to  deposit  SijNa  from  the  SiFa-NHj  reagent  system. 
Niihara  and  Hirai  (6)  observed  that  the  apparent  activation  energy  value  for  the  amorphous 
growth  from  the  S1CI4-NH3  reagent  system  was  -30  kcal/mole  while  that  of  the  crystalline 
growth  was  -53  kcal/mole. 

In  general,  decreasing  the  NHy/SiF4  ratio  from  6  to  3  increased  deposition  rate. 
Also,  coating  thickness  increased  linearly  with  increased  deposition  time  indicating  that  the 
role  of  the  initial  graphite  substrate  surface  was  probably  insignificant.  It  should  be 
mentioned  that  the  retort  wall  provided  most  surface  area  for  the  Si3Ps'4  deposition,  and  the 
retort  wall  was  fully  coated  with  S^Na  before  these  experiments  were  performed 

The  decomposition  characteristics  of  pure  NH3  and  SiFa  gases  were  studied  using 
mass  spectroscopy.  As  shovn  in  Figures  4a  and  4b,  similar  mass  spectra  were  obtained 
while  flowing  1 16  cmVmin  of  pure  SiFa  at  room  temperature  and  1450°C,  respectively, 
indicating  that  SiF4  did  not  thermally  decompose  at  the  high  temperature.  A  standard  SiFa 
mass  spectrum  from  Ref.  7  was  used  to  assign  the  SiFa  peaks  shown  in  Figures  4a  and  4b. 
In  contrast,  NH3  decomposed  extensively  into  Ns  and  H2  at  1450°C  as  shown  bv  comparing 
Figures  4c  and  4d,  the  spectra  obtained  at  room  temperature  and  1450°C-  When  the  nominal 
temperature  was  increased  to  1450°C,  the  intensity  of  the  NH3  peaks  around  17  amu 
decreased  about  two  orders  of  magnitude  while  the  Ns  and  H2  signals  increased  by  more 
than  one  order  of  magnitude.  The  N2  and  O2  peaks  in  Figure  4c  were  probably  due  to  an  air 
leak.  The  presence  of  Ar  peaks  at  40  and  20  amu  in  these  figures  was  attributed  to  the  purge 
gas  flowing  in  the  cavity  between  the  graphite  reactor  retort  and  outer  staintess  steel  jacket . 
These  experimental  observations  were  consistent  with  SOLGASMIX-PV  |8|  calculations 
performed  using  thermochemical  data  from  the  JANAF  Tables  |9).  As  listed  in  Table  I,  the 
calculations  predicted  that  pure  SiFa  would  not  decompose  appreciably  at  1450°C  while  NHj 
was  unstable  at  this  temperature. 

Table  I.  Stable  gas  species  expected  from  the  S1F4+NH3,  pure  NH3.  and  pure 
SiFa  systems  at  1450°C  and  240  Pa  (1.8  tore).  Equilibrium  partial 
pressures  were  calculated  using  the  SOLGASMIX-PV  code  |8|. 
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Figure  4.  Mass  spectra  obtained  using  the  following  conditions:  (a)  120  emtymin  of  SiFj  at 
room  temperature,  (b)  120  emtymin  of  Si [*4  at  1450°C,  (c)  710  cm-Vmin  of  Nf  I3 
at  room  temperature,  (d)  7 10  cnvVmin  of  NM5  at  1450°C,  and  (e)  120  cmfymin  of 
S1F4  and  710cm3/min  of  NII3  at  1450°C.  A  reactor  pressure  of  1.8  torr  was 
used  for  these  experiments. 
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When  NH3  and  S1F4  were  simultaneously  introduced  at  1450°C,  Figure  4e,  the 
presence  of  HF  in  the  exit  stream  along  with  N2  and  H2  wa  dearly  noticeable  as  the 
intensity  of  the  20  amu  peak  became  stronger  than  that  of  the  5:  .tk  at  40  amu.  The  mass 
spectrometer  probe  was  located  downstream  of  a  condenser  which  was  used  to  trap 
particulates  formed  by  low  temperature  reactions  between  unreacted  SiF4  and  NH3.  Because 
of  the  condenser  location,  mass  peak  patterns  corresponding  to  the  unreacted  SiF4  and  NH3 
were  not  visible  in  Figure  4e.  Based  on  weight  gain  measurements  on  the  condenser,  it  was 
estimated  that  approximately  94%  NHi  and  82%  SiF4  were  decomposed  and/or  reacted 
before  they  reached  the  condenser  stage.  Thus,  the  mass  spectroscopy  and  material  balance 
data  were  in  qualitative  agreement  and  indicated  that  NH3  was  significantly  depleted  along  the 
reactor  length  by  thermal  decomposition  as  well  as  deposition  reaction(s)  with  SiFa. 

As  tabulated  in  Table  I,  the  thermodynamic  analysis  of  the  SiF4-NH3  reagent  system 
suggested  that:  (1)  most  NH3  would  decompose  and  the  rest  would  react  with  fluorine 
containing  species  to  form  HF  and  (2)  SiF4  was  relatively  stable  and  some  would  become 
sub-fluoride  species  to  provide  fluorine  atoms  necessary  to  form  HF.  Also,  it  was 
previously  determined  by  Kingon  et  al  that  Si3N4  was  not  thermodynamically  stable  enough 
to  be  deposited  as  a  solid  phase  at  these  conditions.  In  a  mathematical  sense,  the 
SOLGASMIX-PV  calculations  would  not  "see”  the  presence  of  NH3  as  a  starting  reagent 
because  of  its  thermochemical  instability  in  reference  to  N2  and  lb.  Therefore,  it  should  be 
interpreted  that:  the  SOLGASMIX-PV  calculations  predicted  that  SON4  would  not  be 
deposited  from  the  N2-H2-SiF4  reagent  system.  Also,  this  implied  that  the  St3N4  deposition 
would  not  take  place  once  NH3  was  fully  decomposed. 

SUMMARY 

The  key  process  parameters  which  governed  deposition  kinetics  were  identified. 
Deposition  temperature  was  found  to  be  the  most  important  process  parameter  in  affecting 
deposition  rate  and  axial  coating  uniformity.  The  thermodynamic  and  mass  spectroscopy 
studies  indicated  that  the  SijN4  process  was  kinetically  controlled.  The  depletion  of  NH.3  by 
both  decomposition  and  deposition  reactions  was  rapid  in  the  reactor  and  was  important  to 
understanding  the  S13N4  deposition  process. 
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ABSTRACT 

A  combined  experimental/theoretical  study  is  presented  of  the  onset  conditions  for  gas 
phase  reaction  and  particle  nucleation  in  hot  substrate/cold  gas  CVD  of  transition  metal  oxides. 
Homogeneous  reaction  onset  conditions  are  predicted  using  a  simple  high  activation  energy 
reacting  gas  film  theory.  Experimental  tests  of  the  basic  theory  are  underway  using  an 
axisymmetric  impinging  jet  CVD  reactor.  No  "vapor  phase  ignition"  has  yet  been  observed  in  the 
TiCl4/C>2  system  under  accessible  operating  conditions  (below  substrate  temperature  Tw=1700  K) 
and  further  experiments  are  planned  using  more  reactive  feed  materials.  The  goal  of  this  research 
is  to  provide  CVD  reactor  design  and  operation  guidelines  for  achieving  acceptable  deposit 
microstructures  at  the  maximum  deposition  rate  while  simultaneously  avoiding  homogeneous 
reaction/nucleation  and  diffusional  limitations. 


INTRODUCTION 

The  onset  of  gas  phase  reaction  and  ^article  nucleation  is  a  common  problem  in  the  CVD  of 
transition  metal  oxides,  often  resulting  in  decreased  deposition  rates  and  reduced  film  quality  1 1  -3). 
This  is  particularly  true  in  cold  gas/hot  substrate  CVD  systems  in  which  homogeneous  reactions  in 
the  thermal  boundary  layer  adjacent  to  the  hot  substrate  produce  particles  which  are 
thermophoretically  repelled  from  the  surface  and,  for  the  most  pan.  do  not  deposit  |4j.  We  call  the 
sudden  onset  of  significant  reagent  consumption  by  homogeneous  reactions  which  result  in  non¬ 
depositing  products  (e.f>.  TiCh  particles)  "vapor  phase  ignition"  (VP1).  Since  the  onset  of 
homogeneous  reactions  can  effectively  starve  the  growing  surface  of  reagent,  it  is  often  possible  to 
detect  vapor  phase  ignition  by  a  sharp  drop  in  deposition  rates  with  increasing  surface  temperature. 
On  the  other  hand,  in  hot  gas/cool  substrate  systems  the  onset  of  homogeneous  particle  nucleation 
can  lead  to  increased  film  growth  rates  due  to  interface  roughening  associated  with 
thermophoretically  driven  particle/vapor  co-deposition  [5.61.  It  must  also  be  mentioned  that  high 
temperature  deposition  rate  decreases  may  be  due  to  other  causes,  such  as  reaction  product 
thermodynamic  instability  (7).  Dramatic  rate  decreases  attributed  to  VPI  were  first  reported  by 
Ghoshtagore  [4]  for  titania  deposition  from  TiCU  in  O2.  and  his  early  experimental  studies  may 
still  be  the  most  thorough.  Unfortunately,  it  difficult  to  use  his  data  to  predict  conditions  under 
which  vapor  phase  ignition  will  occur  in  other  reactors  (let  alone  other  chemical  systems)  because 
the  transport  conditions  in  his  experiments  were  not  well  characterized. 

We  developed  and  are  using  an  impinging-jet  stagnation  point  reactor  to  experimentally 
study  vapor  phase  ignition  under  well-defined  transport  conditions.  In  particular,  we  are  inferring 
the  onset  of  VPI  in  the  thermal  boundary  adjacent  to  a  hot  substrate  from  observable  decreases  in 
deposition  rates  and  changes  in  deposit  microstructures.  Future  experiments  will  also  include  light 
scattering  from  particles  nucleated  in  the  boundary  layer  and  non-imrusive  measurements  of  local 
vapor  phase  species  concentration.  Experimental  results  are  being  used  to  assist  in  the 
development  and  eventual  verification  of  a  quantitative  theory  to  predict  the  onset  of  vapor  phase 
ignition  in  systems  where  high  activation  energy  confines  homogeneous  reactions  to  a  thin 
chemically  reacting  sublayer  embedded  within  the  thermal  boundary  layer  adjacent  to  the  hot 
deposition  surface.  Our  objective  is  to  develop  a  general  theory  which  can  be  used  with  available 
homogeneous  and  heterogeneous  chemical  kinetics  data  to  establish  reactor  design  criteria  and 
select  optimal  operating  conditions  which  maximize  deposition  rates  while  just  avoiding  both  VPI 
and  vapor  reagent  diffusional  limitations.  A  potentially  useful  byproduct  of  the  theory  will  be  the 
ability  to  extract  global  homogeneous  reaction  kinetic  parameters  from  deposition  rate  data  taken 
under  well-defined  transport  conditions  -  i.e.  just  as  it  is  now  common  practice  to  extract 
heterogeneous  kinetic  parameters  from  exponentially  increasing  deposition  rate  data  using  an 
Arrhenius  plot,  with  a  more  complete  analysis  of  the  type  outlined  here  it  should  also  be  possible  to 
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extract  useful  homogeneous  kinetic  parameters  using  deposition  rate  data  in  the  fall-off  region 
beyond  VP1. 


HIGH  ACTIVATION  ENERGY  REACTING  FILM  THEORY 

The  basic  theory  is  intended  to  predict  the  effect  of  homogeneous  reaction  on  vapor 
deposition  rates  when  homogeneous  reactions  result  in  non-depositing  products  for  the  typical 
typical  case  of  cold  gas/hot  substrate  CVD  systems  (8).  If  the  homogeneous  reactions  are 
controlled  by  some  high  activation  energy  process  with  an  apparent  overall  activation  energy  Eh0m 
and  (Ehom/RTw)  »  1  (where  R  is  the  gas  constant),  then  at  sufficiently  high  wall  temperatures 
there  should  be  a  chemically  "frozen"  outer  region  and  a  thin  chemically  reacting  sublayer  adjacent 
to  the  hot  substrate.  By  exploiting  the  thinness  of  this  reacting  sublayer  (to  which  all 
homogeneous  reactions  are  confined),  it  is  possible  to  generate  a  simple  asymptotic  solution  for 
one-dimensional  species  mass  transport  and  obtain  expressions  for  the  reagent  mass  fraction 
profile  <o(y)  normal  to  the  substrate  and  the  deposition  flux  which  account  for  Soret  as  well  as  Fick 
diffusion  everywhere,  and  reagent  losses  in  the  reacting  sublayer. 

The  key  assumptions  in  our  present  simplified  model  are:  1 )  a  cold  reagem  gas  stream  at 
inlet  temperature  Tc  impinging  on  a  hot  deposition  surface  at  Tw  2)  transport  to  the  deposition 
surface  through  a  one-dimensional  stagnant  gas  film  of  thickness  8  representing  a  stagnation  point 
boundary  layer  3)  high  activation  energy  homogeneous  chemical  kinetics  (Ehom/RTw  »  I )  and  4) 
simple  global  homogeneous  and  heterogeneous  chemical  reaction  rates  fh„m  and  fhct  for  a  single 
limiting  reagent,  of  the  form: 


rhom  =  A(paXy))me*B~ra,RT) 
Ct  =  B(pOXy))ne(E"'l/RT) 


where  p  is  the  gas  density.  A  and  B  are  the  homogeneous  and  heterogeneous  reaction  pre¬ 
exponential  factors,  and  Eh0m  and  Ehct  are  their  activation  energies.  Besides  Tw/Tc.  our  solution 
involves  the  following  key  dimensionless  parameters: 
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(pwcr' 


jEhmn 

1rtwJ 
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where  D  is  the  limiting  species  Fick  diffusivity  and  Damn,,,,,  and  Damhci  are  Damkohler  number, 
for  the  homogeneous  and  heterogeneous  reactions.  For  the  case  of  first  order  homogeneous  and 
heterogeneous  reactions  (nt=n=l ).  we  obtain  a  simple  closed  form  expression  for  the  surface  flux 
of  the  limiting  reagent  which  displays  the  expected  high  temperature  fall-off  v  hen  Ehom  >  Ehct-  as 
shown  in  figure  (1).  Note  that  when  the  heter.  geneous  react'on  is  sufficiently  fast  (i.e.  when 
Damhct  is  sufficiently  large)  there  is  a  transition  from  heterogeneous  kinetic  control  to  diffusion 
control  and  finally  to  VPI  and  the  high  temperature  deposition  rate  fall-off  region.  Slower  surface 
kinetics  result  in  a  transition  from  heterogeneous  kinet'c  control  directly  to  VPI  and  die  fa"-off 
region  (presumably  the  sequence  of  events  in  Ghoshtagore's  experiments).  It  is  also  evident  that 
to  maximize  deposition  rates,  optimal  operating  conditions  would  result  in  incipient  vapor  phase 
ignition.  However,  to  obtain  acceptable  deposit  microstructures  it  may  be  necessary  to  operate  at 
surface  temperatures  below  both  VPI  and  the  onset  of  appreciable  diffusio.ia!  limitations  Since  a 
primary  goal  of  this  work  is  to  guide  CVD  reactor  design  and  operation,  experimental  cot  relation 
of  deposit  microstructures  with  deposition  conditions  in  the  vicinity  of  VPI  is  currently  underway 
to  complement  our  CVD-rate  measurements. 
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EXPERIMENTAL 

To  verify  or  guide  improvements  of  our  theoretical  model  we  are  now  investigating  the 
onset  of  VPI  under  well-defined  transport  conditions  using  an  axisymmetric  impinging  jet  CVD 
reactor.  The  reactor  is  shown  schematically  in  figure  (2).  Cold  reagent  and  carrier  gas  enter  the 
reactor  from  the  top.  flow  through  a  converging  cast  alumina  nozzle  and  impinge  on  a  polished 
quartz  disk  substrate  which  rests  on  an  RF-heated  graphite  susceptor  (rsubstraic  =  rjct).  Preliminary 
experiments  have  been  for  ti.ania  deposition  from  TiCU/02/Ar  and  TiCU/N20/Ar  at  .1  MPa 
pressure  using  excess  oxidizer.  The  TiCU  source  is  a  constant  temperature  liquid  bubbler  and  all 
lines  carrying  the  TiCU  are  teflon  with  stainless  steel  fittings  and  valves.  To  avoid  water 
contamination  the  reactor  is  pumped  down  to  10  Pa  for  several  hours  before  each  run  and  only  dry 
gasses  are  used  (ultra  high  purity  Ar,  H20  <  .5  ppm).  Our  intention  was  to  measure  deposition 
rates  with  effectively  no  water,  since  it  reacts  violently  with  TiCU  even  at  room  temperature.  In 
some  of  our  experiments  water  contamination  was  inferred  from  the  presence  of  TiOy  particles  in 
the  cold  (300  K)  reagent  mixing  chamber  above  the  nozzle.  Deposition  rate  data  from  these 
experiments  were  thrown  out  and  gas  handling  was  improved  to  eliminate  the  problem,  although 
future  experiments  with  controlled  water  addition  are  planned.  Deposition  rate  measurements  are 
by  in  situ  interferometry  (at  a  wavelength  of  633  nm)  and  ex  situ  weight  gain. 

Our  current  range  of  accessible  operating  conditions  (with  well  defined  fluid  flow)  are:  Tu 
up  to  1600  K.  pressure  P  between  0.01  and  0. 1  MPa.  and  impinging  jet  Reynolds  number  RejC, 
between  roughly  100  and  600  (based  on  nozzle  radius  rjC1).  Under  these  conditions  natural 
convection  is  not  expected  in  the  primary  reagent  jet  since  ReJC,-/Gr  »1 .  (Gr  is  the  Grashof 
number  for  the  impinging  jet  -  there  may  be  buoyancy-driven  flows  away  from  the  jet).  Indeed, 
flow  visualization  of  the  jet  using  argon  seeded  with  fine  titania  particles  showed  no  flow 
distortions  when  the  susceptor  was  hot  or  cold.  Standard  operating  conditions  used  in  our 
preliminary  experiments  are: 

Tw:  900- 1700  K  Ar  99'/t 

P:  0.1  MPa  02orN20  1% 

Re.ol:  200  (nozzle  velocity  «  I  m/s)  Oxidizer/TiCU  20(1  to  200/1 


PRELIMINARY  RESULTS  AND  DISCUSSION 

The  most  striking  preliminary  result  we  have  obtained  is  that  under  the  abovementioned 
reactor  conditions,  no  VPI  has  been  observed  for  substrate  temperatures  up  to  1700  K  in  the 
TiCU/02/Ar  system.  This  is  very  different  from  Ghoshtagore's  experimental  results,  which 
indicated  VPI  at  only  1125  K  for  the  same  chemical  system  but  under  rather  different  flow 
conditions  [4|.  As  shown  in  figure  (3).  our  results  for  titania  deposition  from  TiCU/02  in  Ar  show 
a  transition  from  heterogeneous  kinetic  control  to  diffusion  control  at  roughly  1300  K  with  no  high 
temperature  rate  fall-off.  The  relatively  temperature  insensitive  region  of  our  deposition  rate  data 
above  1300  K  approaches  the  TiCU  convection-diffusion  limit  calculated  assuming  local 
thermochemical  equilibrium  at  the  gas/solid  interface  and  Fick  and  Soret  diffusion  through  a 
variable  property  mass  transfer  boundary  layer  (9.1  OJ. 

The  absence  of  VPI  in  our  reactor  is  consistent  with  preliminary  light  scattering 
experiments  in  which  a  lOmW  He-Ne  laser  was  used  to  produce  a  12  mm  laser  sheet  which  was 
passed  through  the  reactor  between  the  nozzle  exit  and  the  substrate  planes.  Visual  inspection 
revealed  a  particle-free  primary  jet  impinging  on  the  substrate  at  all  temperatures*.  The  results  of 
our  basic  reacting  film  theory  are  also  not  inconsistent  with  our  experimental  results  when  rate 
calculations  are  made  using  heterogeneous  kinetic  parameters  from  Ghoshtagore  [4]  and 
homogeneous  kinetic  parameters  from  a  recent  independent  (isothermal  flow  reactor)  study  of 
global  TiCU  oxidation  kinetics  [  1 1 1.  as  cun  be  seen  in  figure  (.3).  However,  reacting  film  theory 
deposition  rate  calculations  using  these  kinetic  parameters  and  the  approximate  flow  conditions  in 
Ghoshtagore's  experiments  do  not  show  a  fall-off  in  deposition  rate  due  to  VPI  until  2100  K  (off 
scale  on  figure  3).  and  then  it  very  gradual.  In  order  to  explain  Ghoshtagore's  observed  VPI  at 
1 125  K  using  our  basic  theory,  it  would  be  necessary  to  assume  a  homogeneous  activation  energy 


f  Particles  were  seen  in  the  corners  of  the  reactor  where  the  reagent  gases  recirculate,  hot  a  negligible 
fraction  of  these  gases  can  reach  the  substrate. 
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of  roughly  345  kj/moie  as  opposed  to  the  published  89  U/mole.  Furthermore,  using  the  high 
activation  energy  estimated  in  this  way  from  Ghoshtagore's  data,  our  basic  theory  would  predict 
VPI  at  only  1 3(X)  K  under  our  reactor  conditions,  which  was  not  observed.  These  inconsistencies 
have  not  yet  been  resolved.  To  do  so  may  require  a  more  sophisticated  treatment  of  homogeneous 
chemical  reactions  than  is  now  incorporated  in  our  theory  However,  there  are  uncenamties  in  the 
transport  conditions  in  Gi  oshtagore's  experiments,  including  the  possibility  for  buoyancy  driven 
recirculation  around  his  leposition  substrate.  Recall  that  in  our  experiments  no  panicles  are 
observed  in  the  primary  reagent  jet.  but  they  are  plainly  visible  in  recirculating  /ones  in  the  reactor 
Trace  water  contamination  in  Ghoshtagore's  (or  our)  experiments  may  also  contribute  to  the 
discrepancy  in  VPI  conditions. 

Avoiding  VPI  would  he  good  news  if  our  goal  was  simply  to  produce  high  quality  T<02 
films,  but  our  goat  is  to  study  VPI  and  its  sensitivity  to  reactor  operating  parameters.  To  fu.__  PI 
to  occur  at  lower  temperatures  in  our  jet  impingement  reactor  we  I  -ve  tried  halving  the  total  gas 
flow  rate  (/>.  doubling  the  reagent  residence  time  in  the  thermal  ix  tndary  layer),  hut  this  did  not 
yield  a  clear  VPI.  Increasing  the  Oi  partial  pressure  from  (XII  to  .1  MPa  (as  in  the  Ghoshtagore 
experiments)  had  no  measurable  effect  on  deposition  rates  at  1 500  K  (with  O1/T1CI1  always  >  30) 
Another  approach  we  considered  was  using  N;0  as  an  oxidizer,  since  N>0  begins  to  dissociate  to 
N?  and  atomic  O  at  roughly  1 300  -  1 4(X)  K  under  our  standard  operating  conditions  (residence  time 
in  thermal  boundary  layer  =  17  ms).  O  atom  attack  of  TiCLj(g)  should  be  much  faster  than  (> 
attack,  and  should  lower  the  VPI  temperature  1 12).  Preliminary  experiments  for  NSO/TiCli  =  20. 
40  and  200  have  not  yet  given  conclusive  evidence  of  VPI  at  accessible  surface  temperatures,  but 
still  higher  N2O  concentrations  may  finally  give  the  anticipated  effects.  Future  experiments  may 
also  include  more  reactive  metal  sources  and  organometallics  known  to  react  in  the  gas  phase  at 
lower  temperatures  [3]. 


CONCLUSIONS  AND  FUTURE  WORK 

While  we  have  not  yet  been  able  to  observe  TiCLt  vapor  phase  ignition  in  our  impinging  jet 
reactor  (fig.  2).  we  are  confident  that  our  basic  model  of  high  activation  energy  reacting  gas  films 
w  ill  prove  to  be  useful  for  many  C  VD  applications  once  the  theory  has  been  experimentally  verified 
for  some  prototypical  chemical  system.  The  most  obvious  reason  for  our  difficulty  in  achieving 
VPI  below  1 7(X)  K  in  our  reactor  at  atmospheric  pressure  is  the  very  short  reagent  residence  time  in 
the  thermal  boundary  layer  adjacent  to  the  substrate.  The  sensitivity  of  the  system  to  trace  amounts 
of  water  has  not  yet  been  determined  by  experiments  with  controlled  water  addition. 

We  must  also  acknow  ledge  that  the  current  version  of  our  theory  is  unable  to  reconcile 
recent  isothermal  flow  reactor  data  on  global  homogeneous  TiCU  oxidation  kinetics  1 1 ! )  with  the 
deposition  rate  data  of  Ghoshtagore  -  nor  are  the  homogeneous  oxidation  kinetics  estimated  using 
the  present  theory  and  Ghoshtagore's  CVD  rate  data  consistent  with  our  own  preliminary 
deposition  experiments.  However,  it  would  be  premature  io  conclude  that  any  useful  theory  for 
VPI  in  CVD  reactors  requires  a  more  complex  description  of  the  relevant  homogeneous  reaction 
kinetics.  Other  more  straight-forward  enhancements  to  the  basic  theory  under  consideration  are 
treating  real  viscous  flow,  as  opposed  to  an  equivalent  stagnant  gas  film  (including  Stefan  flow  for 
non-dilute  systems),  and  accounting  for  variable  thermophysical  properties. 

Once  our  high  activation  energy  reacting  gas  film  theory,  with  an;  necessary  modifications, 
is  experimentally  verified  it  will  provide  rational  criteria  to  reactor  designers  and  process  engineers 
on  how  to  achieve  the  maximum  possible  deposition  rates  while  still  avoiding  VPI  and  Uiffusiona! 
limitations.  Coupling  the  prediction  of  VPI  onset  conditions  with  semi-empirical  correlations  of 
deposit  microstructures  in  the  vicinity  of  VPI  will  then  help  find  the  operating  conditions  needed  to 
produce  films  of  desired  microstructure  at  the  maximum  rate. 
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ABSTRACT 

Particle-enhanced  chemical  vapor  deposition  (PECVD)  is  capable  of  producing 
ceramic  films  at  high  deposition  rates,  A  mathematical  model  of  the  particle-vapor 
codeposition  process  has  been  developed  and  has  been  applied  to  PECVD  processes  to 
predict  deposition  rate  enhancements  and  deposit  properties. 


I.  INTRODUCTION 

Recently,  substantial  increases  in  the  rate  of  chemical  vapor  deposition  of  TiO;, 
ZrOz,  and  AIN  have  been  reported  by  introducing  particles  into  the  CVD  process  1 1,2). 
Improvements  in  AIN  deposition  rates  of  up  to  two  orders  of  magnitude  have  been  obtained 
with  this  technique.  In  general,  particles  may  be  introduced  in  the  form  of  an  aerosol, 
generated  in  situ  by  a  controlled  Amount  of  gas-to-particle  conversion  (homogeneous 
nucleation),  or  in  the  form  of  an  entrained  powder,  independently  charged  to  the  reactor  |3|. 
In  this  article,  processes  in  which  the  rate  of  CVD  is  enhanced  by  the  codeposition  of 
panicles,  achieved  either  by  seeding  the  gas  phase  or  by  in  situ  aerosol  formation,  will  be 
referred  to  genericaPy  as  "Particle-Enhanced  Chemical  Vapor  Deposition"  or  PECVD 
processes. 

The  structure  of  deposits  formed  by  this  technique  is  depicted  in  Figure  1.  It  is 
believed  [1]  that  reactions  of  gas-phase  species  occur  on  the  enhanced  surface  area  of  a 
porous  region  at  the  interface  between  the  growing  deposit  and  the  gas  phase.  There  is  a 
close  relation  between  this  process  and  chemical  vapor  infiltration  (CV!)  processes  |4|,  in 
which  porous  bodies  (formed,  for  example,  from  compressed  powders)  are  densified  by 
internal  CVD  growth,  the  difference  being  that  in  PECVD  the  porous  body  is  formed 
gradually  with  CVI-type  densification  occurring  simultaneously  in  a  restricted  region  at  the 
porous  interface  of  the  growing  deposit. 

In  the  existing  literature  there  have  been  numerous  studies  of  particle  deposition 
and  of  vapor  deposition  processes  and  their  applications.  There  has  not,  however,  to  the 
authors  knowledge,  been  a  theoretical  treatment  of  the  particle-vapo"  codeposition  process 
and,  as  a  esult,  the  factors  determining  the  growth  rate  and  properties  of  such  deposits  are 
not  well  established.  In  the  present  article,  a  random  sphere  formulation  is  developed  and 
used  in  a  unified  treatment  of  both  PECVD  subprocesses:  particle  deposition  and 
densification  of  porous  media  by  vapor  deposition. 


II.  SUMMARY  OF  THE  RASSPVDN  MODEL  DEVELOPMENT 

In  this  section,  the  development  of  the  Random  Sphere  Model  of  Simultaneous 
Particle  and  jf.apor  Deposition”  or  "RASSPVDN"  is  summarized.  The  complete 
development  can  be  found  elsewhere  [5].  The  model  considers  the  local  particle-vapor 
codeposition  process,  isolated  from  processes  occurring  prior  to  deposition,  such  as 
nucleation  and  growth  of  seed  particles  in  the  gas  phase  (which  are  highly  system- 
specific).  Seed  particles,  which  are  assumed  to  be  spheres  of  radius  Rp,  approach  the 
growing  film  and  deposit  in  the  porous  interface  at  a  rate  F0  (partic)es/cm2-sec).  At  the 
same  time,  vapor  deposition  occurs  on  all  exposed  surfaces  at  a  uniform  rate,  G  (pm/nun). 
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Formulated  in  this  way,  the  model  describes  CVD  processes  whose  rates  are  limited  by 
surface  chemical  kinetics.  The  volumetric  deposition  rate  can  be  defined  as  dV,/dt,  where  V, 
(cm3/cm2)  is  the  total  solid  volume  in  the  deposit  normalized  by  area  of  the  bare  substrate. 
There  are  two  contributions  to  the  deposition  rate,  the  first  being  vapor  deposition  on  the 
enhanced  surface  area  at  a  rate  ( A/Aa)G ,  where  A  is  the  total  surface  area  of  the  deposit, 
and  the  second  the  direct  addition  of  solid  volume  through  seed  particle  deposition 
F0(4l3)nRp3 .  The  totai  volumetric  deposition  rate  is  then  given  by 


=  (AIA0)G  +  f£kR} 
dt  i 


(1) 


The  deposition  rate  enhancement  is  defined  as  the  volumetric  deposition  rate  dV,ldt 
divided  by  G,  the  volumetric  deposition  rate  for  vapor  deposition  (CVD)  in  the  absence  of 
particles.  In  order  to  solve  Equation  1,  an  accurate  description  of  the  complex  geometry  of 
the  porous  deposit  is  required  to  relate  the  amount  of  internal  surface  area  to  the  process 
parameters  Fa,  R„,  G ,  and  the  deposition  time,  t.  A  mean-field  approach  is  adopted  here 
that  allows  a  unified  treatment  of  both  ballistic  particle  deposition  and  the  densification  of 
porous  media  by  vapor  deposition. 

The  Random  sphere  formulation :  Gavalas  [6]  has  treated  the  growth  and  coalescence  of 
cylindrical  pores  during  carbon  gasification  by  a  random  capillary  model.  In  a  similar 
fashion,  the  growing  film  can  be  considered  to  consist  of  the  original  substrate  surface  plus 
the  collection  of  all  seed  panicles  (assumed  to  be  spheres),  which  have  grown  steadily  by 
surface  growth  from  the  vapor  phase  since  the  time  of  their  deposition  (see  Figure  1). 
These  enlarged  spheres  overlap  with  their  neighbors,  producing  a  complex,  three- 
dimensional  porous  body,  whose  geometry  is  completely  determined  if  the  sizes  of  all  the 
spheres  and  the  locations  of  their  centers  are  specified. 


Figure  1.  The  panicle-vapor  codeposition  process. 
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It  is  assumed  that  the  sphere  centers  are  distributed  randomly  in  space  with  a  mean 
number  density  per  unit  volume  ydr,  which  is  dependent  upon  height,  z  above  the  substrate 
and  upon  deposition  time,  t.  Since  simultaneous  deposition  and  growth  lead  to  a  deposit 
comprising,  at  any  instant,  spheres  of  many  different  sizes,  y  will  be  a  function  of  both  z  and 
r,  the  sphere  radius.  The  problem  is  thus  reduced  to  finding  the  evolution  of  the  distribution 
y(r,z)  with  time  and  deriving  expressions  for  the  deposit  properties  of  interest  from  y(r,z)  at 
any  instant.  We  seek  an  expression  for  Vs(Ze),  the  solid  volume  fraction  of  the  deposit  at  a 
height,  Ze,  above  the  substrate.  To  calculate  Vs (Ze)  or,  equivalently,  1  -  0(Ze),  consider  a 
random  volume  element  at  height  Ze.  The  solid  volume  fraction  in  the  plane  at  Ze  is  equal  to 
the  probability,  P ,  that  this  volume  element  lies  within  the  domain  of  one  or  more  of  the 
growing  spheres  that  constitute  the  deposit.  If  the  probability  is  tlP s  that  the  volume 
element  at  Zc  lies  within  the  volume  of  a  single  given  sphere,  then  by  the  properties  of  the 
Poisson  distribution,  the  probability  that  the  element  lies  within  none  of  the  spheres  is 


<1  dPs) 
1  -  P(Ze)  =  e  } 


where  the  individual  probabilities  have  been  integrated  over  all  spheres.  Performing  this 
integration  over  three  spatial  dimensions  and  across  the  spectrum  of  particle  sizes  present 
in  the  deposit  yields  an  expression  for  the  porosity  or  solid  volume  fraction  at  distance  Ze 
from  the  substrate: 


V  W 


-  e<Ze)  =  l  -  e 


y(r,z)Ar2-  (Zf-  ?)2}  drdz 


(3) 


Equation  3  is  the  fundamental  equation  describing  the  geometry  of  the  porous 
deposit.  The  total  surface  area  of  the  deposit  can  now  be  obtained  b>  considering  a 
differential  amount  of  film  growth  on  existing  spheres: 


A/Aa=l.^L  {f0rFo  =  0)  (4) 

G  dl 


where  V t  is  the  total  solid  volume  in  the  deposit,  obtained  by  integrating  Vs  (Equation  3) 
over  all  z.  Both  AIA„  (cm2/cm2)  and  V;  (cnvVcm2)  are  normalized  by  the  area  of  the  bare 
substrate  A0. 

Surface  growth  bv  vapor  deposition:  Deposition  from  the  gas  phase  also  affects  the 
distribution  y(r,z).  In  the  absence  of  diffusion  limitations,  there  will  be  uniform  growth  on 
all  exposed  surfaces  by  vapor  deposition  (G  pm/min),  resulting  in  a  steady  increase  in  the 
radius  of  all  particles  and  shifting  the  distribution  y(r,z)  toward  larger  particle  sizes: 


dy(r,z)  =  3y(r,z) 
dt  dr 


Simultaneously,  a  flat  deposit  grows  on  the  original  substrate  surface  by  vapor  deposition 
at  a  uniform  rate,  G  (pm/min). 
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Particle  Dennsitinn:  The  mechanism  of  particle  deposition  determines  the  nature  of  the 
porous  interface,  which  in  turn  determines  the  PECVD  growth  rate.  Two  important  panicle 
deposition  mechanisms  will  be  considered:  i.  deposition  at  unity  sticking  coefficient. 
Surface  forces  are  dominant  in  this  mechanism  and  particles  are  brought  to  rest  at  the  point 
of  first  impact  with  any  surface  in  the  interfacial  region  of  the  growing  deposit,  and  2. 
gravitational  settling.  In  this  mechanism  surface  forces  between  the  particles  and  the 
deposit  are  negligible  in  comparison  to  gravitational  or  inertial  forces  and  seed  particles 
may  undergo  multiple  interactions  with  solid  surfaces,  coming  to  rest  only  at  positions  in 
the  bed,  at  which  further  downward  motion  is  impossible.  The  first  deposition  mechanism 
produces  loose  particle  packings  with  low  particle  volume  fraction,  while  the  second 
produces  dense  packings  with  particle  volume  fractions  that  can  exceed  50%.  Which 
deposition  mechanism  is  applicable  in  a  given  case  is  a  function  of  the  particle  properties, 
chiefly  size,  density,  surface  roughness,  or  the  presence  of  small  amounts  of  a  liquid  phase. 
Any  combination  of  large  particles,  high  density,  or  smooth  dry  surfaces  tends  to  promote 
deposition  by  gravitational  settling.  A  detailed  description  of  orthogonal  ballistic  deposition 
with  unity  sticking  coefficient  is  obtained  from  within  the  random  sphere  formulation,  as 
described  by  Hurt  and  Allendorf,  (5).  The  complex  process  of  gravitational  settling,  in 
contrast,  is  treated  using  an  empirical  relation  that  mimics  random  particle  packing. 


III.  RESULTS 

From  a  nondimensionalization  of  the  complete  set  of  model  equations,  it  becomes 
clear  that  the  evolution  of  deposit  properties  in  dimensionless  time,  x  =  t  G!Rp,  is  a  function 
only  of  the  one  parameter  FoRp3/G.  A  FORTRAN  code  has  been  developed  to  solve  the 
model  equations  and  the  numerical  results  are  presented  below. 

There  are  two  components  to  the  deposition  rate  enhancement:  1 )  the  enhancement 
of  the  surface  area  for  vapor  deposition  and  2)  the  direct  deposition  of  solid  contained  in  the 
seed  particles.  At  time  =  0,  the  substrate  surface  is  bare  and  AIA0  is  unity  for  all  values  of 
F0RphG.  As  particles  deposit,  the  porous  interface  develops  and  AIA0  rises,  eventually 
reaching  an  asymptotic  value  corresponding  to  the  establishment  of  a  self-preserving 
interface.  A  steady-state  condition  has  been  achieved  with  respect  to  the  interface 
structure  and  the  film  growth  rate.  The  growth  rate  enhancement  in  this  steady-state 
condition  is  plotted  in  Figure  2,  along  with  the  seed  particle  volume  fraction  in  the  steady- 
state  deposit,  as  a  function  of  the  dimensionless  parameter  F0Rp3lG.  Rate  enhancements 
remain  less  than  a  factor  of  two  up  to  a  dimensionless  particle  deposition  rate  (F„Rp3/G)  of 
0.01,  thereafter  increasing  rapidly  with  increasing  FgRp^lG.  Deposition  with  unity  sticking 
coefficient  gives  higher  surface  area  enhancements  by  factors  of  up  to  8.  The  seed  particle 
volume  fraction  increases  with  FaRp3lG  to  a  steady-state  value,  which  depends  on  the 
deposition  mechanism.  The  limiting  seed  particle  volume  fraction  is  equivalent  to  the  solid 
volume  fraction  in  a  bed  of  particles,  deposited  in  the  absence  of  vapor  deposition:  0.65  for 
gravitational  settling,  approximately  0.1  for  deposition  at  unity  sticking  coefficient.  This 
asymptote  indicates  that  high  PECVD  rates  are  theoretically  possible  (with  rate 
enhancements  over  two  orders  of  magnitude),  while  maintaining  relatively  low  seed  particle 
volume  fractions  (ca.  10%  for  deposition  at  unity  stick’%  coefficient). 

Steady-state,  self-preserving  profiles  of  the  solid  volume  fraction  at  the  interface 
are  plotted  in  Figure  3  for  deposition  at  unity  sticking  coefficient  at  various  values  of 
FnRp3!G.  Increasing  F„Rp3/G  increases  the  width  of  the  interfacial  region. 
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Figure  2.  PECVD  rate  enhancement  factor  and  seed  particle  volume  fraction 

at  steady-state  vs.  F0Rp3IG.  Dashed  lines:  deposition  by  gravitational  j 

|  settling;  dotted  lines:  deposition  with  unity  sticking  coefficient. 


Figure  3.  Self-preserving  profiles  of  solid  volume  fraction  at  the  interface  of  the 
growing  deposit  for  various  FoRp3lG.  Particle  deposition  with  unity 
sticking  coefficient. 
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IV.  DISCUSSION 

Results  of  the  mode!  illustrate  that  particle-vapor  codeposition  produces  deposits 
having  characteristic  physical  features,  consisting  of  a  fully  dense  region  and  a  porous 
region  at  the  gas/deposit  interface.  The  model  predicts  the  existence  of  a  unique,  direct 
relationship  between  the  growth  rate  enhancement  in  the  kinetically  controlled  regime  and 
the  single  dimensionless  parameter  F0Rp3IG.  The  extent  of  the  rate  enhancement  at  a 
given  value  of  F^Rp^lG  is  a  function  of  the  particle  deposition  mechanism,  which  in  turn  is 
dependent  on  the  surface  properties  of  the  materials  involved.  Under  most  conditions,  the 
enhanced  surface  area  is  primarily  responsible  for  the  growth  rate  enhancement,  the 
contribution  of  the  seed  particles  being  much  smaller.  Seed  particle  volume  fractions  are 
predicted  to  increase  with  increasing  rate  enhancement  up  to  an  asymptotic  value  that  is 
dependent  on  the  deposition  mechanism.  It  is,  therefore,  theoretically  possible  to  achieve 
high  rate  enhancements  while  maintaining  relatively  low  seed  particle  fractions  in  the  final 
deposit.  The  use  of  very  fine  panicles,  in  particular,  which  deposit  with  sticking  coefficients 
near  unity  should  limit  the  volume  fraction  of  seed  material  required  to  approximately  10%. 

The  RASSPVDN  model  provides  a  number  of  other  valuable  predictions  regarding 
the  role  of  seed  particle  size.  First,  the  model  results  indicate  that  the  steady-state  rate 
enhancement  depends  only  upon  the  dimensionless  parameter  FgRpJ/G  or,  for  a  given  vapor 
deposition  (CVD)  rate,  only  upon  the  rate  of  addition  of  particle  volume,  F0(4/3)ttRpJ.  The 
steady  state  rate  enhancement  is  therefore  independent  of  particle  size  at  constant  mass  or 
volumetric  particle  feed  rate  and  constant  deposition  mechanism.  In  practice,  large  changes 
in  particle  size  will  often  be  accompanied  by  a  shift  in  the  deposition  mechanism,  leading  to 
a  more  complex  dependence  on  size  overall.  The  model  also  predicts  that  high  rate 
enhancements  will  be  accompanied  by  porous  imerfacial  zones  of  significant  thickness, 
which  could  lead  to  rough  and  friable  surfaces  of  PECVD  deposits.  Improved  surface 
properties  may  be  obtained  by  densifying  the  interface  by  CVD  (in  the  absence  of  particles) 
at  the  end  of  the  coating  process.  The  time  required  for  "post-densification"  can,  according 
to  the  model,  be  a  significant  fraction  of  the  total  production  time.  Since  the  densiftcation 
time  scales  as  t  -  G/Rp,  the  time  reqmred  for  post-densification  of  the  porous  interface 
(using  CVD  in  the  absence  of  particles)  can  be  reduced  by  the  use  of  finer  particles. 

In  the  kinetically  controlled  regime,  arbitrarily  large  rate  enhancements  are  possible 
by  operating  at  very  high  dimensionless  particle  deposition  rates  FgRj/G.  In  practice,  the 
finite  rate  of  transport  or  of  homogeneous  gas-phase  reactions  may  limit  the  rate  at  •  ■'  :-h 
fully  dense  material  can  be  deposited.  Transport  limitations  may  arise  from  the  bulk  g„.>  to 
the  deposit  edge,  or  within  the  porous  interfacial  zone  in  the  deposit  itself.  Diffusion 
limitations  within  the  interface  will  reduce  the  concentration  of  the  reactive  species  and  thus 
the  densification  rate  at  points  far  from  the  deposit  surface,  resulting  in  porous,  friable,  low- 
quality  coatings.  Scaling  laws  derived  from  the  model  indicate  that  the  use  of  high  reactant 
concentration  and/or  small  particle  size  will  promote  efficient  mass  transfer  through  the 
interface  and  the  production  of  fully  dense  material  at  high  growth  rales.  It  is  hoped  that  the 
model  results  presented  here  will  guide  the  development  of  PECVD  processes  into 
parameter  ranges  producing  high-quality  material  at  high  deposition  rates. 
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ABSTRACT 

A  two-dimensional  finite  element  model  was  developed  to  study  the  step 
coverage  of  submicron  trenches  with  arbitrary  shape  under  chemical  vapor  deposition 
processes.  Parameters  that  characterize  the  step  coverage  were  found  to  be  the  surface 
Damkohler  number,  ratio  of  diffusion  coefficients  inside  and  outside  of  the  trench,  and 
aspect  ratio  of  the  trench  geometry.  Efforts  were  concentrated  on  studying  the  step 
coverage  of  S1O2  film  deposited  from  SiH.i/02  precursors  within  rectangular  shape 
trenches.  The  model  predictions  were  found  to  be  in  good  agreement  with  reported 
experimental  results. 


INTRODUCTION 

Although  chemical  vapor  deposition  processes  (CVD)  are  known  to  have  better 
film  conformity  than  those  of  physical  vapor  deposition  processes  (PVD),  as  aspect 
ratio  (width/depth)  of  the  trenches  becomes  smaller,  conformity  of  the  deposition 
materials  may  be  lost,  resulting  in  creation  of  voids  inside  the  trenches.  This  problem 
is  known  as  the  step  coverage  problem.  Poor  step  coverage  leads  to  non-planar 
surfaces  and  thus  non-uniform  electrical  resistance.  Poor  step  coverage  also  leads  to 
significant  problems  in  lithographic  processes. 

Some  efforts  have  been  spent  in  analyzing  the  deposition  profiles  of  the  CVD 
processes  inside  the  trenches  using  the  fundamental  Boltzmann  equations.  Due  to  the 
difficulties  associated  with  obtaining  numerical  solutions  of  the  Boltzmann  equations 
directly,  simulation  techniques,  Such  as  Monte  Carlo  Simulations,  have  been  widely- 
used  to  obtain  solutions  of  the  Boltzmann  equations  statistically  [  1 — 2j  Although 
Monte  Carlo  simulations  were  successful  in  simulating  the  film  step  coverage  of  the 
CVD  processes,  they  suffer  from  expensive  computational  costs  [3]. 

In  1939,  Thiele  (4|  proposed  a  one— dimensional  (I— D)  mode!  for  simulating 
simultaneous  diffusion  and  chemical  reactions  in  a  single  pore.  This  I— D  model  was 
recently  used  by  McConica  et  al.  (1990)  [5j  to  study  the  step  coverage  of  CVD 
tungsten  process  in  cylindrical  contact  holes.  Using  this  1-D  model,  McConica  et  al. 
[5]  obtained  qualitative  agreements  between  the  model’s  predictions  and  experimental 
results. 

In  general,  1— D  step  coverage  models  require  lumping  the  trench  geometry  and, 
thus,  necessitate  the  assumption  that  the  film  thickness  is  uniform  over  the  bottom  of 
the  trench.  Furthermore,  the  film  thickness  at  the  entrance  side  wall  is  also  assumed 
to  be  identical  with  the  film  thickness  along  the  flat  surface  adjacent  to  the  trench 
mouth  in  these  1— D  models.  In  other  words,  obtaining  quantitative  predictions  of  film 
thickness  profiles  over  the  trench  surface  is  very  difficult  using  these  I— D  models  [6—7]. 
A  two-dimensional  (2-D)  model  would  alleviate  the  problem  of  geometric  lumping  for 
simulating  the  film  step  coverage. 

In  this  paper,  a  2-D  diffusion-reaction  model  was  developed  to  study  the  step 
coverage  of  the  CVD  processes  within  submicron  trenches  or  contact  holes. 
Parameters  that  control  the  step  coverage  were  obtained  through  the  dimensional 
analysis  of  the  governing  equations  and  boundary  conditions.  A  Fortran  programming 
code  based  on  nonlinear  finite  element  method  (FEM)  was  then  developed  to  simulate 
the  processes. 
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This  step  coverage  finite  element  model  can  also  be  used  to  study  the  chemical 
vapor  infiltration  (CVI)  process  within  the  fibrous  preform 


THEORY 

Consider  either  a  long  rectangular  trench  of  width  VV  and  depth  L  or  a  cylindrical 
tube  of  radius  R  and  depth  L  as  an  idealized  model  of  a  via  cut  into  the  surface  of  a 
patterned  wafer.  Uniform  deposition  thickness  within  the  trench  is  obtained  if 
concentration  of  the  reactive  species  is  uniform  around  the  trench  geometry. 

The  following  assumptions  were  made  in  order  to  model  the  step  coverage 
problem  for  the  chemical  vapor  deposition  processes  (CVDj. 

1.  In  order  to  calculate  the  concentration  pattern  aiong  the  Oat  surface  adjacent 
to  the  trench  mouth,  the  shaded  area,  as  shown  in  Fig.  1.  is  selected  as  domain  for  the 
analysis  of  the  diffusion— reaction  process.  Because  the  size  of  the  domain  is  much 
smaller  as  compared  to  the  size  of  the  boundary  layer  adjacent  to  the  surface  of  the 
wafer,  it  is  assumed  that  the  domain  is  located  inside  the  boundary  layer.  Therefore 
the  convection  flow  of  the  gas  inside  the  domain  is  neglected. 

2.  The  diffusion  constants  either  inside  or  outside  the  trench  can  be  calculated 
as,  1/D c  =  l/Dn,o!  +  1/Dk,  where  D„,0i  and  Dk  are  the  diffusion  coefficients  for  the 
molecular  and  Knudsen  diffusion  respectively  [8j.  The  diffusion  constants  of  the  gas 
species  outside  the  trench  is  assumed  to  be  independent  of  the  trench  geometry. 

3.  The  dominant  chemical  reaction  inside  the  domain  is  the  sticking  of  one  major 
reactive  species  onto  the  substrate  surface. 

4.  The  geometry  change  of  the  trench  due  to  the  film  deposition  is  neglected. 


Fig.l.  Illustrations  of  the  domain  and  associated  boundaries 
considered  in  the  finite  element  modeling. 


Analysis  of  the  step  coverage  problem 

With  the  coordinates  depicted  in  Fig.l,  the  concentration  of  the  reactive  species 
within  the  domain  can  be  analyzed  by  solving  the  following  diffusion  equation. 
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where  Dt  and  C  are  the  diffusion  coefficient  (cmJ/sec.)  and  molar  concentration 
(moles/cm3)  of  the  reactive  species  respectively. 
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In  order  to  obtain  the  concentration  distribution  of  the  reactive  species  over  the 
entire  domain,  conditions  of  the  species  along  the  boundaries  of  the  domain  must  be 
specified. 

Symmetric  condition  is  specified  along  the  boundaries  one  and  three.  Along  the 
boundary  two,  the  assumption  that  the  rate  of  mass  transfer  at  the  surface  is  equal  to 
the  rate  of  surface  reaction  is  used.  Along  the  boundary  four,  the  concentration  of  the 
reactive  species  is  assumed  to  be  constant.  The  value  of  this  constant  (C;;)  can  be 
determined  from  the  information  of  the  deposition  rate  on  the  flat  surface  adjacent  to 
the  trench  mouth.  For  a  first  order  chemical  reaction,  the  value  of  this  constant  will 
not  affect  the  step  coverage  of  the  trenches. 


FINITE  ELEMENT  MODELING 

First,  the  following  group  of  parameters  were  used  to  non-dimensionalize  the 
governing  equation  and  boundary  conditions  of  the  step  coverage  problem, 


X/L  =  X-,  E/L  =  R-,  Z/L  =  Z-,  C/Ci5  =  C\  D./D5  =  Dt- 

where  D-  is  the  diffusion  coefficient  of  the  reactive  species  outy.de  the  trench.  This 
constant  Dc  is  independent  of  the  trench  geometry. 

Then,  the  finite  element  formulations  of  the  problem  were  obtained  by 
multiplying  the  diffusion  equation,  (la)  or  (lb),  with  the  weighting  function,  'k(X.Z) 
or  ^(RjZ),  and  integrating  over  the  entire  domain  [9],  After  implementing  the  natural 
boundary  conditions  along  boundaries  one,  two,  and  three  into  the  FEM  model,  the 
finite  element  formulations  of  the  problem  were  obtained.  The  star  symbol  was 
dropped  in  the  subsequent  expressions  for  clarity 
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with 

D"  =  1.0,  for  dements  located  outside  the  trench 
D"  =  Dt/Dc,  for  elements  located  inside  the  trench 
Y"  =  1.0,  and  Y  =  X  for  rectangular  coordinates 
Y"  =  R,  and  Y  =  R  for  cylindrical  coordinates 
Dam  =  KsL/D3  =  Surface  Damkohler  Number, 
where  Ks  is  the  rate  constant  (cm/sec) 


Four-node  linear  rectangular  elements,  as  shown  in  Fig. 2,  were  used  to  discretize 
the  domain.  Fortran  programming  codes  "FEM2D",  included  in  the  appendix  of 
reference  [9]  were  modified  to  solve  the  finite  element  formulations  above. 

Three  parameters,  that  is,  surface  Damkohler  number  (Dam),  ratio  of  the 
diffusion  constants  (Dt/Do),  and  aspect  ratio  (W/L  or  R/L)  of  the  trench,  were  found 
to  characterize  to  this  step  coverage  finite  element  model. 
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Fig. 2  Illustrations  of  a  typical  four-node  rectangular  element 
and  one  of  its  interpolation  functions 


RESULTS  AND  DISCUSSION 


SiO-i  film  deposited  from  SiHj/Q->  precursors 

Kawahara  et  al.  (1991)  studied  the  step  coverage  of  SiO?  film  deposited  from 
SiHr/02  precursors  with  trenches  of  2.5  depth  and  0.5  to  2.5  pin  width  [10].  Step 
coverage  of  the  trenches  was  measured  for  the  deposition  temperatures  of  450’ K, 
520' K,  580' K,  and  640' K.  The  sticking  coefficient  of  the  reactive  species  within  this 
temperature  range  is  around  0.05  to  0.70  as  reported  Ly  the  same  authors. 

Parameters  used  in  the  finite  element  analysis  of  this  problem  are  presented  in 
Table  I.  The  experimental  results  are  well  simulated  by  the  proposed  FE.M  model,  as 
shown  in  Fig. 3.  Predictions  from  FE.M  model  are  also  compatible  to  those  from  Monte 
Carlo  simulations  [10], 


Fig. 3.  Step  coverage  dependence  on  the  trench  aspect  ratio 
and  deposition  temperature  for  SiOj  thin  films  deposited 
from  S' H 4/O 2  precursors. 


Parametric  studv  of  the  FEM  step  coverage  model 

Fig. 4  and  Fig. 5  present  the  dependence  of  the  step  coverage  upon  the  three 
parameters  with  the  following  combinations, 
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Table  f  S 

intubation  parameters  for  the  SiHr/O? 

IP  CVD 

process 

W/L 

T 

Dt/D.- 

(1.0E-2) 

J  K 

Dam 

0.2 

0.4 

0.6 

0.8 

1  2 

1.6 

2.0 

10 

450 

0.034 

1.6 

2.4 

2.8 

3.1 

3.6 

3.9 

4  1 

4.8 

520 

0.015 

1.3 

2.0 

2.3 

2.6 

3  0 

3.2 

3.4 

4.0 

580 

.0045 

1.2 

1.7 

2.0 

2.3 

2.6 

2.8 

3.0 

3.5 

6-10 

.0020 

1.0 

1.5 

1.8 

2.0 

2.3 

2.5 

2.6 

3.1 

W/L  =  0.1,  0.5,  1.0,  10.0 

Dt/Dj  =  0.001  or  0.01  when  the  aspect  ratio  of  the  trench  is  0.1 
Dam  =  0.0001,  0.0005,  0.091 

For  the  CVD  processes  with  large  value  of  diffusion  constant  ratio  (D,/D3  = 
0.01),  as  shown  in  Fig. 4,  the  step  coverage  is  insensitive  to  the  surface  Damkohler 
number  and  the  aspect  ratio  of  the  trench  if  the  aspect  ratio  is  above  a  critical  value. 
This  critical  value  is  about  1.0  for  the  simulation  conditions  used  above.  Below  the 
critical  value,  the  step  coverage  is  significantly  afected  by  the  trench  aspect  ratio. 

For  the  CVD  processes  with  small  value  of  diffusion  constant  ratio  '  D t / D -  = 
0.001),  as  shown  in  Fig. 5.  changes  of  the  step  coverage  with  respect  to  the  surface 
Damkohler  number  are  significant  for  all  values  J  trench  aspect  ratios. 


Fig. 4.  Parametric  study  of  the  step  coverage  dependence  upon 
the  surface  Damkohler  number,  trench  aspect  ratio,  and  ratio  of 
diffusion  coefficients  inside  and  o  itside  or  the  trench. 
Dt/Dc  Is  0.01  for  VV/L=0.1  'n  this  study. 


CONCLUSION'S 


A  2-1)  nonlinear  finit.  element  model,  which  simulates  si  mi  ltaneous  diffusion 
and  surface  reason  processing  over  the  trench  geometry,  ha1-  been  successfully 
developed  to  study  the  step  coverage  for  trenches  with  a.-.y  arbitrary  shape  Good 
agreement  between  the  experimental  results  of  Si(Jj  thin  films  deposited  from  the 
SiU;/0j  precursors  and  the  model’s  predictions  was  found.  T  he  numerical  results  are 
also  similar  to  those  obtain  'd  by  Monte  Carlo  fiimn'a'ions  which  generally  require 
more  computational  time  and  cost. 
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ABSTRACT 

The  present  study  outlines  the  importance  of  carbon  active  sites  in  controlling  the 
kinetics  of  pyrolytic  carbon  deposition  on  a  graphittzeri  pitch  (dvr  at  1025CC  Blockage  of 
active  sites  with  chemisorbed  hydrogen  retards  deposition  rates  substantially.  Removal  of  the 
chemisorbed  hydrogen  from  the  occupied  sites  raises  deposition  rates  to  the  normal  values 
noted  on  a  fresh  "clean"  surface.  The  effect  of  surface  activation  prior  to  deposition  is 
discussed.  Activating  the  surface  generates  additional  active  sites  and  enhance,,  the  rates. 
However,  not  all  die  newly  developed  sites  contribute  to  the  kinetics.  After  the  deposition  of  the 
First  carbon  layer,  a  fraction  of  those  newly  developed  sites  is  instantaneously  blocked  and  does 
not  further  contribute  to  subsequent  deposition.  The  remaining  fraction,  along  with  the  original 
sites  available  before  activation,  keeps  replicating  during  the  remaining  course  of  deposition. 
That  is,  the  disappearance  of  one  active  site  after  carbon  deposition  is  associated  with  the 
generation  of  a  new  site.  This  trend  continues  up  to  the  deposition  of  60  carbon  layers. 


INTRODUCTION 

The  chemical  vapor  deposition  (CVD)  of  pyrolytic  carbon  (pyroc)  on  carbon  substrates 
is  an  important  process  for  fabricating  carbon  composites  which  are  used  m  many  aerospace 
applications.  The  CVD  process  has  two  main  advantages.  First,  by  changing  the  experimental 
deposition  conditions,  one  can  obtain  carbon  composites  having  a  w  ide  spectrum  of  properties. 
Second,  compared  to  other  methods  used  for  fabricating  carbon  composites,  such  as  coal-tar  or 
pitch  impregnation,  CVD  is  simpler,  cleaner,  and  less  expensive.  In  addition,  it  takes  place  in 
one  step  which  operates  at  lower  temperatures  and  pressures  than  the  other  industrial  processes 
that  arc  currently  involved  in  fabricating  carbon  composites. 

Extensive  studies  on  the  CVD  of  pyro  c  have  appeared  in  the  literature,  including  the 
structure  and  properties  of  deposits  [1-4|,  the  relations  between  deposit  properties  and 
processing  conditions  |3,4|,  the  kinetics  and  mechanism  of  deposition  { 1 .3,5.61.  and  the 
characteristics  of  deposits  1 1 ,3,5,7-91.  The  kinetics  of  deposition  depends  on  the  type  of 
substrate,  provided  that  other  experimental  parameters  are  fixed  1 10).  For  example,  at  !()25'C 
and  1  atm,  the  kinetics  under  a  flow  of  10%  Cllj  in  Ar  was  not  the  same  for  all  substrates  |  10] 
The  results  indicated  that  at  least  four  categories  of  different  substrates  are  possible  non  porous 
carbons  with  small  surface  areas,  mtcroporous  carbons  with  large  internal  surface  areas,  non- 
porous  carbons  with  large  external  surface  areas,  and  activated  carbons  with  considerable 
external  and  internal  surface  areas  [  10).  Thus,  the  total  surface  area  (TSA)  of  substrates  play  ed 
a  major  role  in  CVD  kinetics.  The  importance  of  carbon  active  surface  area  (  ASA)  to  CVD 
kinetics,  however,  was  brictly  outlined,  and  it  was  speculated  that  the  deposition  statted  on 
carbon  active  sites.  This  was  supported  by  the  results  of  propylene  pyrolysis  on  the  active  sites 
of  a  graphilized  carbon  black  1 1  1 ,12].  At  600  X(X)"C  and  0.012  Torr  starting  pressure,  the 
carbon  deposit  replicated  the  original  active  surface  area  of  the  substrate  during  the  deposition  of 
the  first  few  layers  1 1 1 1.  It  was  clearly  ascertained  that  the  pyrolysis  and  deposition  reactions 
under  those  experimental  conditions  were  only  occurring  on  the  carbon  active  sites  1 1 1.12] 
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In  the  present  article,  the  study  focuses  on  one  substrate;  a  graplmizcd  pitch  based 
carbon  fiber  subjected  to  different  surface  treatments  prior  to  pyro  c  deposition.  The  treatments 
either  enhanced  the  active  surface  area  or  blocked  it  and,  ar.  a  result,  the  deposition  kinetics 
changed  considerably.  The  objective  of  this  work  is  to  address  the  importance  of  active  sues  to 
the  CVD  process,  and  to  illustrate  that  regardless  of  the  number  of  pyro  e  layers  deposited  on 
the  surface,  certain  types  of  the  starting  sites  keep  replicating.  Disappearance  of  one  site  during 
deposition  is  concurrently  associated  with  the  generation  of  a  new  active  site. 


EXPERIMENTAL 


A  graphitized  unsized  pitch  carbon  fiber  (VSB-32).  manufactured  by  Amoco 
Performance  Products  was  used  in  this  study.  The  fiber  had  a  low  level  of  metallic  impurities, 
an  active  surface  area  of  0.029  m:/g.  a  TSA  of  0.54  ni2/g,  and  a  geometric  area  of  0. 1 K  m:/g 
The  fiber  diameter  was  10.5  nm  and  its  density  was  2.02-2. 1 1  g/ce. 

The  CVD  experiments  were  executed  using  two  different  apparatus.  The  deposition 
was  performed  in  a  themiogravimeiric  analyzer  fl'GA)  connected  to  a  high  vacuum  system.  A 
known  weight  of  the  fiber  (-40  mg)  was  suspended  on  the  balance  beam,  the  system  was 
evacuated  to  10  -5  Torn,  backfilled  with  Ar  to  ambient  pressure,  healed  to  1025°C  in  Ar  flowing 
at  150  '■c/min,  and  finally  held  under  those  conditions  for  1  h.  Unless  otherwise  specified,  a 
mixture  of  10%  CH4  in  Ar  was  passed  over  the  sample;  the  increase  in  fiber  weight  was 
monitored  with  time  for  15  h.  In  some  experiments  prior  to  deposition,  the  fiber  was  subjected 
first  to  a  specific  treatment  which  will  be  outlined  in  the  text. 

The  volumetric  system 

*  <;a\  . 

displayed  in  Figure  1  served  three  iNu.ij 
purposes;  to  investigate  deposition 
kinetics  under  static  conditions  at 
subambient  pressures;  to  deposit  a  pre¬ 
calculated  exact  number  of  pyro  c  layers 
(1-60  layers)  on  the  substrate;  and  to 
measure  the  active  surface  area  of  the 
samples  before  and  after  pyro  c 
deposition.  Details  on  measurements  of 
active  surface  area  have  been  outlined 
elsewhere  (13|.  In  the  ease  of 
successive  deposition  of  pyro  e  layers, 
the  fiber  samples  were  evacuated  at 
1000"C  for  2  h  and  a  pre-ealculatcd 
dose  of  pure  CH4  was  injected  into  lhc  reactor.  The  change  in  system  pressure  was  monitored 
with  time  until  the  required  number  of  carbon  layers  deposited.  The  excess  gas  was  pumped 
away  and  an  active  surface  area  measurement,  using  02  at  350°C,  was  made. 


Figt:  Static  reactor  used  tor  CVD  and  ASA  measurements. 


RESULTS  AND  DISCUSSION 

Enhancement  of  Deposition  Rates  by  Surface  Activation 

Figure  2  illustrates  the  effect  of  surface  activation  on  CVD  rates  as  measured  by  the 
TGA  under  a  flow  of  30%  Cil4  in  Ar.  The  relationship  between  weight  gain  (due  to  pyro  t 
deposition)  and  exposure  time  was  linear,  and  the  slope  of  each  line  gave  the  average  deposition 
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rate  (mg  pyro  c/g  fiber,  min).  The  bottom  line  represents  deposition  on  the  as-received  fiber 
when  subjected  to  the  normal  pretreatment  conditions  described  in  the  previous  section.  The 
top  line  was  taken  on  a  sample  that  had  been  pre-activatcd  in-situ  before  the  deposition 
reaction.  While  the  filler  was  heated  isolhcrmally  at  45Q°C,  air  was  admitted,  and  the  sample 
lost  weight  due  to  carbon  gasification.  When  44%  level  of  burn-off  (BO)  was  achieved,  air 
was  interrupted,  the  system  was 
outgassed,  backfilled  with  Ar,  and 
healed  to  1025°C.  Activating  the 
sample  in  air  enhanced  the  starting 
active  surface  area  by  a  factor  of  5  but 
hardly  increased  the  TSA  114).  Yet, 
the  CVD  rate  on  the  activated  sample 
was  only  twice  that  on  the  original 
fiber  (2.94  vs  1.52  mg/g.min).  This 
means  that  not  all  the  newly  developed 
active  surface  area  was  contributing  to 
CVD  kinetics.  I-'urther  linearity  was 
obtained  with  each  sample  up  to  120% 


Time  (min) 

Effect  of  surface  activation  on  deposition  rates, 


Figure  2: 

weight  gain  for  (he  as-rcccivcd  fiber,  or  200 %  weight  gain  for  the  activated  fiber  This 
suggests  that  a  fraction  of  the  starting  active  surface  area,  which  was  contributing  to  CVD 
kinetics,  either  remained  unchanged  or  kept  replicating  during  the  course  of  deposition. 


Retardation  of  CVD  Rates  after  Blockage  of  Active  Sites 

Figure  3  illustrates  the  change  in  sample  weight  gain  as  a  function  of  time  after 
subjecting  the  surface  to  different  treatments.  Line  1  represents  the  reference  state  when  the  as- 
received  (untreated)  fiber  was  exposed  to  10%  CH.,  in  Aral  1025°C.  The  plot  is  linear  and  a  39 
%  weight  gain  was  achieved  after  15  h  exposure  When  a  different  mixture  with  10%  Cll4- 
10%  H2-80%  Ar  was  passed  over  another  fresh  fiber  sample,  the  rate  of  deposition  was  smaller 
by  more  than  one  order  of  magnitude,  and  the  weight  gain  was  insignificant,  as  shown  by  line 
11.  The  presence  or  II2in  the  flowing 
mixture  retarded  pyro  c  deposition 
because  H;  chemisorbed  on  active  sites 
and  formed  C-H  bonds.  To  confirm 
this,  three  additional  experiments  were 
made  (lines  111,  IV  and  V).  Another 
fresh  as-received  fiber  sample  was  held 
in  Ar  at  1025°C  and  then  exposed  for 
20  h  to  ii2  flowing  at  150 cc/min.  This 
treatment  allowed  most  of  the  active 
sites  of  the  fiber  to  chemisorb  H  atoms 
such  that  the  „c:ive  sites  were  blocked 
with  hydrogen.  At  the  end  of  the  20  h 
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Fig  3:  Deposition  of  Pyro  C  on  VSB -32  pitch  fiber  m  1025C. 
hold,  the  sample  was  exposed  to  the  standard  mixture  of  10%  CIL  in  Ar  and  line  111  was 
obtained.  It  is  noted  that  during  the  first  5  h,  there  was  an  induction  period,  since  the  weight  of 
pyro  c  deposit  was  insignificant.  T  he  rate  then  gradually  increased  with  time  and  finally  (after 
12  h)  attained  a  constant  value  close  to  that  of  line  I,  i.c.,  line  I  and  111  finally  became  parallel 
The  induction  period  noted  during  the  first  5  h  is  attributed  to  the  beginning  of  gradual 
desorption  of  1 L  with  concurrent  liberation  of  a  few  original  active  sites.  Between  5  and  12  h 
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exposure,  (he  deposition  continued  at  an  increasing  rate  due  to  the  continual  liberation  of 
additional  sites.  In  this  region,  the  sample  was  gaining  weight  due  to  pyro  c  deposition,  but 
losing  weight  as  a  result  of  hydrogen  desorption.  Due  to  the  small  molecular  weight  of 
hydrogen  and  larger  atomic  weight  of  carbon,  the  net  result  was  a  weight  gain.  After  12  h 
exposure,  most  of  the  effective  active  sites  contributing  to  the  kinetics  were  recovered  ami  their 
contribution  to  the  kinetics  was  stabilized. 

The  next  experiment  was  made  to  support  this  finding.  A  new  as-rccetved  sample  was 
exposed  to  I  1,  in  the  same  manner  as  the  previous  one.  Then  after  the  20  It  hold  in  1  i;.  art  ultra 
high  pure  Ar  was  passed  over  the  sample  replacing  Ar  for  an  additional  20  h  period.  1'hc 
sample  was  finally  exposed  to  the  mixture  of  10%  CU4  in  Ar  and  line  IV  was  obtained.  Since 
lines  I  and  IV  arc  close,  the  deposition  kinetics  on  both  samples  were  probably  the  same. 
However,  line  IV  had  a  slightly  higher  slope  than  I  because  the  fiber  was  slightly  activated  in 
Ar.  Analysis  of  the  gas  showed  that  it  had  trace  amounts  of  oxygen  (<  3ppm)  With  iong 
exposure  to  Ar  for  20  It  at  102.V-C.  the  sample  was  activated  to  a  small  level  of  burn-off.  As 
discussed  in  the  previous  section,  activating  the  fiber  prior  to  deposition  enhanced  the  CVD  rate 
It  was  then  speculated  that  the  activation  process  in  Ar  could  have  been  eliminated  if  the 
desorption  step  at  1025°C  was  performed  under  vacuum.  This  was  confirmed  by  performing 
the  last  run  of  this  series  of  experiments.  A  new  sample  was  treated  in  II  ,  in  the  same  manner 
as  the  last  one.  However,  instead  of  subsequent  treating  in  Ar,  the  sample  was  held  at  H)2.t'  C. 
under  high  vacuum  (better  than  10 '  Tore)  for  20  It.  The  sample  was  quickly  Hushed  with  Ar  to 
ambient  pressure  and  exposed  to  the  10%  Cll.t  in  Ar  mixture,  line  V  was  obtained.  Since  lines 
1  and  V  almost  superimpose  on  each  other,  the  kinetics  of  deposition  and  role  of  active  sues  in 
both  cases  were  identical.  In  other  words,  whether  the  deposition  is  made  on  a  fresh  untreated 
fiber,  or  on  a  sample  whose  active  sites  are  first  blocked  then  regenerated,  the  CVD  rates  arc 
practically  the  same,  provided  that  the  fiber  surface  was  not  subjected  («  significant  .wtivatiun. 


Development  of  Active.  Sites  by  Oxidation. 


The  population  of  active  sites  at 
the  surface  of  the  fiber  was  enhanced 
in  two  different  ways,  by  treatment  in 
an  oxygen  plasma  or  by  high 
temperature  oxidation  (HTO)  in  air  at 
600,  700,  or  925°C.  The  plasma 
treatment  was  performed  using  a 
Branson/1  PC  unit  (S3000  Scries)  with 
a  RF  powcr=100  W  and  02  flow  rate 
of  100  cc/min.  While  Figure  4  (A  and 
B)  illustrates  die  variation  of  active 
surface  area  with  burn-off  using  the 
two  treatments.  Figure  5  correlates  the 
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Figure  4:  Variation  <>l  ASA  vvith  BO  before  and  after  P\ro  ( 
deposition. 


term  lOOxASA/TSA  (which  is  the  %  of  surface  active)  to  burn off.  Activating  the  fiber  to  2r, 


BO  enhanced  the  active  surface  area  by  a  factor  of  5  and  raised  the  %  of  surla'  C  active  from  4.6 
to  -25,  regardless  of  the  type  of  surface  treatment.  At  higher  levels  of  burn-off,  the  increase  in 
active  surface  area  with  burn-off  was  linear  with  both  types  of  activation  (Figure  -t,  A  and  B). 
Yet,  at  comparable  levels  of  burn  off,  the  activation  in  plasma  w  as  more  effective  m  generating 
a  larger  number  of  active  sites  than  HTO;  as  shown  by  lines  A  and  B  in  Figure  4  It  may  lie 
added  that  the  plasma  treatment  was  also  more  effective  than  HTO  in  enhancing  the  total 
Surface  Area.  'Hie  net  result  was  that  at  comparable  levels  of  burn  off,  the  %  of  surface  active 
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with  oxygen  plasma  and  HTO  was  (lie  same  as  shown  in  Figure  5:  ail  the  data  points 
conformed  to  one  plot.  Thus,  regardless  of  the  level  of  hum-off  achieved  above  2  %,  or  the 
method  of  activation,  the  maximum  %  of  surface  active,  which  may  be  utilized  m  the  chemical 
vapor  deposition  process,  is  constant  at  ~  25. 


When  the  first  layer  of  pyro  c  deposited  on  the  surface,  a  fraction  of  original  active  sites  was 
instantaneously  blocked  and  did  not  contribute  any  further  to  deposition  kinetics.  For  the  as- 
rcccivcd  Fiber  and  the  samples  activated  by  HTO  or  in  the  plasma,  the  variation  of  active 
surface  area  with  bum-off  after  deposition  of  the  First  layer  of  pyro  c  conformed  to  one  plot;  line 
C  of  Figure  4  which  is  practically  parallel  to  line  B.  The  drop  in  active  surface  area  from  line  B, 
which  belongs  to  the  samples  activated  by  HTO,  to  C  was  constant  between  burn-off  of  2  and 
85  %.  This  means  that  for  a  given  bum-off  above  2%.  there  arc  three  types  of  active  sites:  Type 
1  whose  area  is  given  by  the  original  active  surface  area  of  the  as-reccivcd  fiber  before 
activation.  Type  II  which  is  equivalent  to  the  additional  (new)  active  surface  area  developed  up 
to  2%  BO,  and  Type  III  which  develops  above  2%  BO.  The  original  Type  I  sites  arc 
exclusively  present  at  the  external  surface  because  the  as-reccivcd  fiber  is  nonporous.  These 
sites  kept  replicating  during  the  course  of  deposition. 

Next  we  consider  the  deposition  *’  t-  r  1  ~~ 1  ' 

of  successive  pyro  c  layers.  The  active  vsw  M<'’ 

surface  area  of  the  as- received  fiber  „  , 

after  deposition  of  1,2,  and  85  layers  .  * .  ... - - - - - - 

of  pyro  c  were  0.02,  0.02,  and  0.04  h  •  * 

m2/g,  respectively.  Their  average  value  2  * 
is  0.03  m2/g  which  is  equal  to  the  j, 

original  active  surface  area  of  the  as-  -  \  Au!”.r«l=' u«i< 

received  Fiber.  Therefore,  the  area  of  *  1'""  ' 

the  active  sues  of  Type  I  is  -  Average 

approximately  0.03  m2/g.  For  the  ^ ^ ± - ~ - i - { 

sample  activated  by  HTO  to  2%  BO,  iimn-ntr,  % 

the  starting  active  surface  area  dropped  Figure  5:  Dependence  of  percent  surface  active  on  hum-ofl. 
from  0.15  to  0.04  mtyg  after  deposition  of  the  First  layer.  Hie  active  surface  area  then  remained 
constant  at  0.04-0.03  m2/g  after  further  deposition  of  pyro  c  up  to  62  layers.  Similarly,  for  the 
sample  with  97c  BO,  whose  starting  active  surface  area  was  0. 1 8  mVg,  the  active  surface  area 
dropped  to  0.04-0.05  tn2/g  after  deposition  of  additional  pyro  c  up  to  52  layers.  Thus,  the  drop 
from  line  B  to  C  is  equivalent,  on  the  average,  to  0. 1 2-0. 1 3  nF/g.  which  is  the  additional  area  of 
active  sites  developed  at  2%  BO.  Therefore,  with  the  samples  subjected  to  HTO,  the  constant 
area  of  Type  II  sites  is  approximately  0.12-0.13  m2/g  and  is  independent  of  the  level  of  bum- 
off.  However,  the  area  of  Type  111  sites,  which  is  the  additional  active  surface  area  area 
developed  above  2%  BO,  increases  with  increasing  level  of  activation. 

As  for  die  samples  activated  m  (he  oxygen  plasma,  neither  the  area  of  Type  II  nor  Type 
111  silcs  is  constant  because  lines  A  and  C  arc  not  parallel.  The  number  of  Type  11  and  III  sites 
increases  with  increasing  the  level  of  hum-off  This  outlines  the  main  difference  between  the 
activation  by  1 1TO  or  inside  the  plasma.  In  spile  of  this  difference,  there  is  some  commonality 
between  the  two  treatment  methods;  the  active  surface  area  of  Type  111  sites  at  a  given  burn-off 
is  the  same.  For  example,  after  27%  BO  in  the  plasma,  the  active  surface  area  was  enhanced  io 
0  243  m3/g,  which  is  higher  than  the  active  surface  area  developed  by  1 1TO  at  the  same  level  of 
bum  off.  After  the  deposition  of  the  first  pyro  c  layer  on  the  sample,  the  active  surface  area 
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dropped  to  0.07  m2/g.  This  value  remained  constant  at  0.08-0.07  m2/g  after  the  deposition  of 
additional  pyro  c  up  to  56  layers.  This  area  represents  the  combined  areas  of  Type  1  and  III 
sites  at  27%  BO.  It  is  worth  adding  that  with  this  particular  plasma  activated  sample,  the  active 
surface  area  of  Type  11  sites  is  0. 16-0. 17  m2/g.  Knowing  that  after  pyro  c  deposition,  the  data 
[joints  for  all  the  samples  activated  by  both  methods  conformed  to  one  line,  we  conclude  that 
the  area  of  Type  111  sites  is  only  dependent  on  level  of  bum-off  but  not  on  type  of  treatment. 
The  area  of  Type  II  sites  is  either  constant  after  activation  by  HTO,  or  increases  with  burn-off 
after  treatment  in  the  plasma. 


SUMMARY  AND  CONCLUSIONS 

1.  For  pyro  c  deposition  on  the  surface  of  the  graphitized  pitch  carbon  fiber  at  1025°C 
and  under  a  flow  of  Cll^/Ar  mixture  (ratio  1  :  9),  the  presence  of  active  sites  is  needed  for  the 
reaction  to  proceed.  If  these  sites  arc  blocked,  the  deposition  rate  becomes  very  small. 

2.  Under  the  present  experimental  CVD  conditions,  the  heterogeneous  gas/solid  reaction 
appears  predominant,  the  CVD  mechanism  on  the  graphitized  substrate  is  probably  controlled 
by  collision  between  reactive  gaseous  species  and  the  active  sites  of  the  carbon.  The 
contribution  of  the  gas  phase  reactions  to  deposition  rates  is  insignificant  at  t025°C. 

3.  Depending  on  the  method  of  surface  treatment,  the  fiber  surface  has  different  types 
of  active  sites.  The  as-received  fiber  has  only  Type  I  sites.  The  samples  activated  by  different 
methods  to  different  levels  of  bum-off  have  Type  II  and  III  sites,  in  addition  to  Type  I. 

4.  The  area  of  Type  U  sites,  which  develops  at  the  early  stages  of  activation,  depends  on 
the  method  of  activation  and  level  of  burn-off.  This  area,  which  is  probably  located  inside 
pores,  docs  not  contribute  to  the  CVD  mechanism  after  deposition  of  the  first  pyro  c  layer. 

5.  The  active  surface  area  of  Type  III  sites  is  dependent  on  the  level  of  burn -off  but 
independent  of  the  method  of  activation.  Apparently  this  area  contributes  along  with  Type  I  sites 
to  CVD  kinetics. 
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ABSTRACT 

The  reactivity  of  several  fluorine-containing  molecules  on  a  polycrystalline  silicon  nitride 
(S13N4)  surface  is  studied  under  ultrahigh  vacuum  (UHV)  conditions  using  temperature 
programmed  desorption  (TPD)  and  Auger  electron  spectroscopy  (AES).  The  chemistry  of 
fluorine  on  ShN'a  is  of  interest  in  understanding  the  high  temperature  chemical  vapor  deposition 
(CVD)  of  SijNi,  which  uses  SiE'4  as  a  starting  material.  XeFi  is  reacted  with  a  S13N4  surface  to 
prepare  and  characterize  various  surface  SiF,  (1  <  x  <  3)  species.  These  are  identified  by  the 
chemical  shift  induced  by  the  fluorine  atoms  in  the  Si  (LMM)  Auger  peak  and  by  changes  in  the 
TPD.  Of  these  species,  SiF;  is  stable  to  the  highest  temperature.  SiF;  is  also  formed  by  the 
reaction  of  S1F4  with  a  S13N4.  Because  SiF;  is  so  stable,  its  decomposition  is  proposed  as  a 
rate-determining  step  in  the  CVD  deposition  of  SirNa  from  Sii:4.  Gaseous  HF.  which  is  a 
product  of  the  CVD  process,  does  not  dissociate  on  SitN'a  and  is  therefore  unlikely  to  cause  the 
etch-like  marks  on  the  Si;Na  coating  that  are  observed  under  certain  conditions. 


INTRODUCTION 

Silicon  nitride  ( Si 3N4 )  is  being  developed  as  a  high-temperature  oxidation  barrier  for 
lightweight,  carbon-composite  parts  in  turbine  engines  1 1  ].  Currently,  such  pans  can  be  coated 
in  a  small-scale  CVD  reactor  from  starting  materials  of  silicon  tetrafluoride  (S1F4)  and  ammonia 
(NH3).  The  CVD  reaction  is  conducted  at  1700  K  and  the  overall  reaction  is: 

3  S1F4  (g)  +  4  NH3  (g)  -»  Si-.Na  ;si  +  12  HF  (g).  (1; 

The  silicon-fluorine  chemistry  is  of  particular  interest  in  this  CVD  process  because  SiF.; 
is  a  starting  material  and  the  Si-F  bond  is  the  strongest  bond  that  must  be  broken,  up  to  167  kcal 
mob'  (2|.  This  study  examines  the  reactivity  of  a  variety  of  fluorine-containing  molecules  on  the 
S13N4  surface  in  order  to  gain  insight  into  this  CVD  process.  No  previous  UHV  surface  studies 
involving  bulk  S^Na  have  b^en  reported. 


EXPERIMENTAL 

The  sample  was  a  polycrystalline  fi-SiyN'a  obtained  from  Allied  Signal  Aerospace 
company.  It  was  1.3  cm  in  diameter  and  1.5  mm  thick.  Groves  (approx.  0.38  mm  wide)  were 
cut  into  the  edge  of  the  sample  with  a  diamond  saw  in  order  to  hold  the  sample  and 
thermocouple.  For  heating,  a  0.3-mm  tungsten  wire  was  formed  into  a  flat  zig-zag  filament  and 
placed  against  the  back  of  the  sample.  This  was  stiff  enough  to  hold  the  sample  w  hen  the  ends 
of  the  filament  were  bent  to  lie  in  the  groves  cut  into  the  sample.  For  temperature  measurement, 
a  chromel-alumel  thermocouple  (0.125  mm  diameter  wire)  was  spot  welded  to  a  0.125  mm  thick 
Ta  foil  that  was  folded  and  pressed  into  the  grove  cut  into  the  sample. 

The  S^Na  sample  was  cleaned  by  bombardment  with  5  keV  argon  ions.  Then  the 
sample  was  heated  to  1300  K  or  higher.  SijNa  begins  to  thermally  decompose  at  these 
temperatures,  and  heating  provided  a  consistent  therr  I  treatment  and  reproducible  Si  to  N  AES 
ratio.  SuN.t  is  an  insulator,  but  AES  could  be  performed  by  lowering  the  primary  beam  voltage 
to  1  keV.  The  Auger  spectrum  of  the  clean  S13N4  surface  is  shown  in  Fig.  1. 


'  This  work  is  supported  by  DARPA  and  the  U.  S.  Department  of  Energy  under  contract  number 
DH  AC0476DP00789. 
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In  :he  TPD  setup,  a  conical  shield  was  used  to  suppress  interference  from  atoms  and 
molecules  desorbing  from  sample  supports.  The  heating  rate  was  approximately  4.5''  C  sec1. 
During  TPD,  several  values  of  tn/e  (mass  to  charge  ratio)  were  monitored  simultaneously  by 
controlling  the  mass  spectrometer  with  a  computer. 


0  100  200  300  400  500  600 

Electron  Energy  (eV) 


Fig.  1 

Auger  spectra  of  clean 
P-SijN'a.  The  principal 
elements  on  the  surface  wa« 
Si  (87  eV)  and  \  t3Sii. 
Trace  amounts  of  O  (506i. 
Ar  (213).  and  C  (2721  were 
also  present. 


XcF2  RESULTS 

Although  gaseous  XeFy  is  not  involved  in  the  CVD  process,  it  is  useful  in  the  study  of 
fluorine  chemistry  on  Si.tNa  because  it  allows  various  SiF,  (1  <  x  <  3)  surface  species  to  be 
prepared  and  their  stability  studied.  XeFy  is  a  fluorinating  agent  which  decomposes  on  Si  ;N'a  to 
deposit  fluorine.  The  Xe  is  desorbed  under  the  conditions  of  exposure  and  does  not  interfere. 
The  exposure  to  XeFy  was  performed  with  the  gas  at  room  temperature  and  with  the  surface 
heated  to  400  K  and  above. 

Following  exposure  to  XeF;,  fluorine  was  adsorbed  on  the  S13X4  surface  at  Si  atom 
sites  as  demonstrated  by  AES  and  TPD.  The  fluorine  AES  peak  at  690  eV  could  not  be  observed 
because  of  the  low  primary  beam  energy  of  1  keV,  which  was  used  to  minimize  sample 
charging.  The  presence  of  fluorine  could  be  inferred,  however,  from  a  shift  to  higher  kinetic 
energy  of  the  Si  (LVV)  AES  peak  due  to  the  proximity  of  the  fluorine  atoms  (Fig.  2).  This  shift 
is  due  either  to  the  electronegativity  of  the  fluorine  or  surface- induced  perturbation  of  the  Si 
(LVV)  spectrum  (31.  No  such  shift  was  observed  in  the  nitrogen  AF.S  peak,  indicating  that 
fluorine  bonds  to  the  surface  only  via  Si.  The  presence  of  fluorine  on  the  surface  was  confirmed 
by  TPD  and  the  desorption  of  fluorine  containing  molecules. 

The  AES  spectra  indicate  the  presence  of  three  SiF*  (x  <  3)  fragments.  SiFt  and  SiF  are 
most  apparent  at  low  temperatures,  while  SiFy  is  most  apparent  at  high  temperatures  and 
therefore  is  the  most  stable.  Fig.  2  shows  the  Si  AES  peak  as  a  function  of  surface  temperature 
during  XeFy  exposure.  Depending  upon  exposure  conditions,  several  Si  AES  peaks  are 
observed  from  87  to  96  eV  in  3  eV  increments.  The  results  are  interpreted  by  assuming  that  the 
Si  peak  shifts  3  eV  to  higher  energy  for  each  adjacent  fluorine  atom.  For  example,  the  dear. 
S13N4  surface  has  a  Si  peak  at  87  eV.  Upon  exposure  to  XeFy  at  temperatures  below  80(1  k.  the 
Si  peak  splits  and  shifts  to  90  and  96  eV,  which  are  attributed  to  SiF  and  S1F1  surface  species, 
respectively.  In  contrast,  exposure  to  X  c  I  -  at  temperatures  of  800  k  and  above  yields  two  Si 
peaks  at  87  and  93  eV.  which  are  attributed  to  SitNa  and  SiFy,  respectively. 

These  changes  in  the  AES  are  paralleled  by  changes  in  the  TPD  spectrum  following 
exposure  to  XeFy  (Fig.  3>.  The  interpretation  of  the  TPD  is  complicated,  however,  because  of 
rearrangement  of  ions  in  the  mass  spectrometer  [4|  ami  because  decomposition  and 
recombination  reactions  may  result  in  desorption  products  that  differ  from  (he  original  surtacc 
spccics.  There  is  evidence  for  a  change  in  surface  composition  above  1000  K,  however  Below 
1  (KH)  K  ihe  dominant  desorption  product  is  Si  Ft  (m/e  =  85),  which  is  probably  a  cracking 
fragment  of  S1F4  (m/e  =  104)  (4).  The  desorption  of  SiFa  is  attributed  to  the  decomposition  and 
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recombination  of  SiF  and  S1F3  surface  species  to  form  SiHj.  which  readily  desorbs.  Above 
1000  K  Sip2  (m/e  =  66)  appears  as  a  new  desorption  product  along  with  SiHj  (m/e  =  85)  (Fig. 
3).  The  appearance  of  SiF;  in  the  TPD  suggests  that  S1F2  is  present  on  the  surface  and  that  a 
new  pathway  for  removal  of  fluorine  from  the  surface  becomes  available,  the  direct  desorption  of 
SiF;.  A  signal  for  SiF3  (m/e  =  85)  is  still  observed  either  because  the  SiF;  groups  undergo 
simultaneous  rearrangement  to  form  SiF4  which  desorbs  or  because  of  recombination  of  SiF; 
with  F  on  the  walls  of  the  chamber  or  in  the  mass  spectrometer  ionizer  Nevertheless,  the  TPD 
indicates  a  change  in  surface  composition  at  1000  K  which  is  consistent  with  the  ARS  results. 


Electron  Energy  (eV) 


Fig.  2 

Effect  of  Xef-i  exposure 
temperature  on  the  Si  Auger 
line.  At  temperatures  below 
800  K,  SiFt  and  SiF  are  the 
predominant  surface 
species.  At  X00  K  and 
above,  SiF;  is  the 
predominant 
species. 


Temperature  (K) 


Fig.  3 

TPD  following  exposure  of 
S13N4  to  XeF;  SiF}  (m/e 
=  85)  is  the  major 

0  uorine  -  con  tai  n  i  n  g  prod  net 
desorbed  below  1000  K. 
This  is  probably  a  cracking 
fragment  of  S1F4.  SiF; 
<m/e  =  66)  is  observed  as  a 
new  desorption  product 
above  1000  K. 


The  transition  to  SiF;  occurs  as  somewhat  different  temperatures  in  APS  and  TPD. 
because  the  heating  time  for  the  two  experiments  differ.  That  is.  in  the  AKS  experiments,  the 
sample  was  annealed  for  several  minutes  at  each  temperature  while  during  TPD  the  sample  was 
quickly  flashed.  The  important  conclusion  from  these  results  is  that  SiF;  is  the  most  stable 
surface  species  on  S13N4. 
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SiF4  RESULTS 

S1F4  dissociatively  adsorbs  on  S13N4  to  deposit  Si  and  F  containing  species,  which  can 
be  identified  based  upon  the  XeF2  results.  There  is  no  evidence  for  molecular  adsorption  of 
S1F4  on  S13N4  down  to  surface  temperatures  of  100  K.  Instead,  the  fluorine  that  is  deposited  on 
Si3N4  by  SiF4  is  stable  to  over  1000  K,  which  indicates  that  SiF4  dissociates  on  S13N4. 

Fig.  4  shows  the  changes  in  the  AES  following  exposure  of  Si3N4  to  S1F4.  Again,  only 
the  Si  peak  is  affected,  which  indicates  that  the  nitrogen  is  not  directly  participating  in  the 
bonding  of  the  F  to  the  surface.  Following  exposure  to  SiF4,  the  Si  peak  shifts  from  87  eV  to 
93  eV,  which  indicates,  by  comparison  to  the  XeF2  results  above,  that  SiF;  is  the  principal 
species  on  the  surface.  The  Si  peak  also  grows  with  respect  to  the  N  peak  indicating  that  Si  is 
deposited  on  the  surface  as  well  as  F.  Upon  heating  to  1500  K,  the  Si  AES  peak  returns  to  87 
eV  indicating  that  the  fluorine  has  been  removed  from  the  surface. 

The  removal  of  fluorine  from  the  SL3N4  surface  is  indicated  in  the  TPD  by  a  desorption 
peak  centered  at  about  1400  K  (Fig.  5).  This  peak  corresponds  to  the  desorption  that  just  begins 
to  rise  at  1000  K  in  Fig.  3  and  is  associated  with  decomposition  and  desorption  of  surface  SiF;. 
A  simple  Arrhenius  analysis  of  this  peak,  which  assumes  coverage-independent,  first-order 
desorption  and  a  pre-exponential  factor  of  1  x  !0'3  s  ',  yields  an  activation  energy  of  92  kcal 
mol-1.  The  experiments  in  Fig  5  were  carried  to  a  higher  temperature  than  those  in  Fig.  3  to 
show  the  entire  desorption  peak  at  the  expense  of  buming-out  the  heater. 

The  reaction  of  S1F4  differs  from  that  of  XeFi,  however,  in  that  only  SiF;  is  formed  on 
the  surface,  regardless  of  temperature.  Exposure  of  S13N4  to  S1F4  for  surface  temperatures  from 
500  to  1000  K  yielded  only  results  similar  to  those  shown  in  Figs.  4  and  5  with  no  evidence  for 
SiF  or  SiFj  formation  such  as  observed  with  XeF;  above. 


Fig  4 

Effect  of  S1F4  exposure  on 
the  Si  Auger  line.  The  top 
spectrum  is  the  clean  ShNa 
surface,  the  second  is 
following  exposure  to  SiFa. 
and  the  bottom  is  following 
heating  to  1500  K.  SiF;  is 
the  princ  ipal  surface  species 
formed  upon  exposure  10 
S1F4. 
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HF  RESULTS 

The  reaction  of  HF  with  S13N4  is  of  interest  because  it  is  a  product  of  the  OVD  reaction 
and  has  been  proposed  to  account  for  "etch"  lines  sometimes  observed  on  parts  near  the  exit  of 
the  reactor.  Thcrefo.e,  the  adsorption  of  HF  was  examined  to  determine  whether  HF  would 
react  with  S13N4. 
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Fig.  5 

TPD  following  exposure  of 
SijNj  surface  10  S1F4.  The 
peak  is  identified  with  the 
decomposition  of  Sip; 
surface  species.  Desorption 
of  m/e=85  (shown)  and 
m/c=66  (no:  shown.)  are 
both  observed  with  the 
same  shape. 
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HF  does  not  dissociate  on  S13N4  for  sc.  face  temperatures  up  to  1000  K.  Instead,  only 
molecular  adsorption  of  HF  is  observed  on  SHN4  if  the  surface  is  cooled  to  100  K.  11F  desorbs 
at  150  K  in  the  TPD  (Fig.  6).  This  indicates  that  HF  will  not  react  with  S13N4  under  CVD 
conditions  and  is  not  responsible  for  etch  lines  observed  on  parts  coated  in  the  CVD  reactor 
under  certain  conditions. 
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Fig.  6 

TPD  following  exposure  of 
SitNj  surface  to  HF.  Th: 
only  desorption  product 
observed  is  HF  tm/c=20>, 
which  indicates  that  HF 
adsorption  is  molecular. 


DISCISSION 

The  study  of  fluorine  containing  molecules  on  SijNa  was  undertaken  to  provide  insight 
into  the  high  temperature  CVD  deposition  of  SijNa  from  SiFa.  Based  upon  these  1!  IV  results, 
several  predictions  can  he  made  about  the  mechanism  of  the  CVD  process. 

The  Si-F  bond  is  the  strongest  bond  involved  in  the  CVD  reaction,  and  breaking  of  tins 
bond  is  likely  to  be  the  rate -determining  step  of  the  CVD  process.  Despite  the  strength  of  the  Si 
F  bond,  the  dissociative  adsorption  of  Si  IT  on  S13N4  proceeds  at  modest  temperatures.  50<)  K. 
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This  indicates  that  die  dissociative  adsorption  of  S1F4  on  Si  tNj  is  no:  a  i  ale-determining  step  n 
the  CVD  process. 

The  present  results  suggest  instead  that  the  decomposition  of  surface  SiF;  is  the  rate 
determining  step  of  the  CVD  process  since  this  is  the  most  stable  intermedia-,  that  has  beer, 
observed  on  S13N4,  SiF2  has  an  activation  energy  for  desorption  of  appro'  imately  9-  k.a! 
mol'1.  If  decomposition  of  surface  S1F2  is  rate-determining,  then  the  kinetics  for  the  CVD 
process  would  be  independent  of  the  gas-phase  concentrations  because  no  gas  phase  species  are 
involved  in  the  rate-determining  step.  This  is  provided  the  pressure  is  not  so  low  that  the 
impingement  rate  of  gases  on  the  surface  becomes  rate-determining.  That  is.  at  low  pressures,  < 
10-4  Torr,  the  CVD  rate  will  be  linear  with  pressure  because  it  is  limited  by  the  impingement  rale, 
but  at  higher  pressures,  the  rate  will  plateau  as  the  decomposition  of  surface  S  '2  become  rate- 
determining.  The  CVD  is  typically  performed  at  1  Torr  and  1700  K,  which  is  calculated  to  be 
within  the  plateau  region,  assuming  a  sticking  probability  of  KF^  and  the  desorption  parameters 
discussed  earlier. 

The  adsorption  of  SiFa  on  SijNa  is  similar  in  several  respects  to  the  adsorption  of  S:F.: 
on  silicon.  Only  two  papers  have  previous!)  studied  SiFj  adsorption  and  these  are  on  silicon  |5. 
6].  In  both  cases,  SiFa  dissociates  at  room  temperature  or  below.  Furthermore,  in  the  study  on 
Si( 111 )(7x7)  [6],  molecular  adsorption  of  S1F4  was  observed  only  below  90  K.  which  is 
consistent  with  the  absence  of  molecular  adsorption  on  S13N4  at  surface  temperatures  of  KKl  K 
and  above.  Chuang  |5|  also  reports  that  SiF'2  is  formed  following  the  adsorption  of  S1F4  on  an 
unspecified  silicon  surface,  which  is  the  same  result  observed  here  on  S13N4.  On  Si(  1 1 1 
however,  SiF  and  S1F3  are  the  observed  dissociation  products.  This  difference  may  he  due  to 
different  experimental  conditions.  For  example,  the  experiments  on  Sid  1 1  )|7x7,  were 
performed  at  low  temperature,  30  K.  whereas  the  results  of  Chuang  and  the  present  results  on 
SijN’a  were  performed  at  300  K  and  above.  Of  course,  it  may  simply  be  the  case  that  diflbren: 
intermediates  are  formed  on  S13N4  and  on  different  silicon  surfaces. 

The  reactivity  of  SiF*  groups  observed  here  on  SijNj  also  resembles  in  some  respects 
the  behavior  of  SiFx  on  silicon  surfaces.  In  particular,  the  TPD  spectrum  of  Fig.  3  with  two 
S1F3  peaks  and  a  higher  temperature  SiF;  peak  is  quite  similar  to  the  TPD  observed  on  Sit  1 00 
following  F  atom  exposure  [7],  The  peaks  occur  at  200-300  K  higher  temperature  on  Si-.Nu. 
however,  indicating  that  the  surface  species  are  more  stable  cm  SijS'4.  h  is  also  imc’vsiir.g  to 
note  that  a  study  of  XeF;  adsorption  on  a  variety  of  silicon  surfaces  at  room  temperature  found 
that  SiF  and  S1F3  are  the  predominant  surface  species  [8],  This  is  the  same  result  observed  here 
following  XeFj  exposure  below  800  K.  The  behavior  of  fluorine  on  silicon  at  high 
temperatures,  above  800  K,  has  not  been  investigated  in  detail  so  a  comparison  of  whether  SiF; 
becomes  the  predominant  surface  species  on  silicon  at  high  temperature  such  as  occurs  here  on 
S13N4  cannot  be  made  at  this  time 
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DETERMINATION  OF  THE  ROUGHNESS  OF  UVD  SURFACES 
BV  LASER  SCATTERING 
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ABSTRACT 

A  laser  scattering  apparatus  was  developed  for  the  determination  of  surface 
roughness  and  other  surface  statistical  parameters  of  chemically  vapor-deposited  coatings. 
Visual  examination  of  HeNe  laser  scattering  patterns  reflected  from  polished  sapphire  and 
CVD  titanium  nitride  surfaces  showed  a  sensitivity  to  roughness  differences  of  sms  of 
nanometers.  The  scattering  apparatus  was  integrated  with  a  cold-wall  CVD  reactor.  The 
root  mean  square  roughness  of  silicon  carbide  deposits  on  silicon  in  the  early  stages  of 
growth  was  determined  from  the  intensity  of  the  specularly  reflected  beam.  Changes  in 
roughness  and  the  spatial  arrangement  of  depositing  crystallites  were  monitored  in  situ  by 
angular  resolution  of  the  scattered  light  spectra.  Both  e.v  situ  and  in  situ  results  were  in  good 
agreement  with  profilometric  examinations  of  the  rough  surfaces. 


INTRODUCTION 

An  understanding  of  the  microstructural  development  of  coatings  deposited  by 
chemical  vapor  deposition  (CVD)  is  essential  to  the  control  of  the  properties  of  such 
coatings.  For  instance,  the  steady  growth  of  columnar  grains  typical  of  deposits  from  the 
vapor  has  been  shown  not  to  originate  at  the  substrate/coating  interface  in  certain  cases  of 
titanium  carbide  and  titanium  nitride  growth  on  vitreous  graphite  [1).  This  phenomenon  has 
been  exploited  to  grow  fine-grained  thick  coatings  [2],  A  method  for  observing  changes  in 
the  growing  surface  is  desirable  to  provide  the  capacity  for  in-process  modification  of  the 
deposit  and  hence,  its  properties. 

Previously,  laser  light-scattering  techniques  have  been  used  to  inspect  the  surface 
finish  of  manufactured  parts  and  the  results  related  to  stylus  profilometric  measurements 
[3,4].  Therefore,  laser  light  scattering  has  been  proposed  as  a  non-intrusive.  in  'itu 
technique  for  monitoring  the  growth  of  CVD  coatings  [1.5-7]  since  changes  in 
microstructural  development  are  manifested  in  the  surface  morphology.  In  this  work,  the 
effectiveness  of  light  scattering  in  describing  the  surfaces  of  well-characterized  samples  e.v 
situ  and  of  early  CVD  deposits  in  situ  is  demonstrated. 


EXPERIMENTAL  DETAILS 

The  laser  scattering  apparatus  is  shown  in  Figure  1,  integrated  with  a  cold-wall  CVD 
reactor.  The  laser  scattering  apparatus  consisted  of  a  5  mW  HeNe  laser  whose  intensity  was 
attenuated  by  a  combination  1/2-wave  plate  and  beamsplitting/polarizing  cube.  The 
resulting  s-polarized  beam  was  passed  through  a  spatial  filter  to  remove  intensity 
fluctuations  in  the  beam  profile,  and  was  focused  on  a  detector  by  the  re-collimating  lens. 
For  preliminary  studies,  the  beam  was  reflected  from  samples  mounted  ex  situ  on  a  rotatable 
stage  with  which  the  angle  of  beam  incidence  was  varied. 

Initially,  the  detector  was  a  lensless.  35  mm  single-lens  reflex  camera  which  captured 
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Fig.  1.  Schematic 
diagram  of  the  laser 
scattering  apparatus 
integrated  with  the 
cold-wall  CVD  reactor. 
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laser  scattering  patterns  on  photographic  film,  loiter,  the  camera  was  replaced  bs  a  linear 
512-element  photodiode  array  which  detected  the  intensity  of  the  scattered  light  as  a 
function  of  photodiode  position.  A  25  nm  slit  was  placed  across  the  detector  to  create  25 
qm-square  detection  elements  on  25  pm  centers.  The  slit  was  positioned  such  that 
measurements  were  made  in  the  plane  of  incidence,  that  is.  the  plane  containing  both  the 
incident  and  specularly  reflected  beams.  The  computer  interface  to  the  detector  was 
capable  of  recording  scattered  spectra  every  0.015  seconds,  to  a  total  of  255  spectra  per 
experiment.  A  narrow  band-pass  filter  was  placed  ahead  of  the  detector  to  block  spurious 
background  radiation. 

The  laser  scattering  apparatus  was  then  mounted  on  the  cold-wall  CVD  reactor  for 
in  situ  studies  as  shown  in  Figure  1.  Front  surface-reflecting  dielectric  mirrors  directed  the 
beam  to  the  substrate  surface  at  a  predetermined  angle  of  incidence. 

The  cold-wall  reactor  was  used  to  deposit  series  of  timed  silicon  carbide  coatings  on 
silicon  for  n  situ  and  in  situ  studies.  Silicon  wafer  substrates  were  heated  on  a  graphite 
susceptor  by  radio  frequency  induction  with  a  450  kHz  RF  generator.  The  reaction  chamber 
was  a  quartz  tube  modified  by  the  addition  of  quartz  windows  in  the  reaction  zone  to 
provide  an  entrance  and  exit  for  the  laser  beam.  The  windows  were  offset  from  the 
chamber  walls  to  prevent  clouding. 

The  reactant  gases,  hydrogen  and  methyltrichlorosilane  (MTS)  were  supplied  by  a 
metered  flow  of  hydrogen  through  a  liquid  bubbler  of  MTS  which,  when  supplemented  hv 
additional  hydrogen,  yielded  a  total  input  gas  ratio  of  11,:MTS  of  400:32.5  seem  at  26.5  kPa 
(200  torr).  Computer  control  of  gas  flows,  temperature  and  pressure  enabled  accurate 
commencement  and  termination  of  each  experiment. 
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RESULTS  AND  DISCUSSION 

The  effect  of  a  rough  surface  on  the  angularly  resolved  distribution  of  ligh'  scattered 
from  the  surface  depends  on  the  nature  of  the  roughness.  On  an  intuitive  level,  rougher 
surfaces  give  rise  to  more  diffuse  scattering  of  the  reflected  light.  A  demonstration  of  this 
principle  is  shown  by  the  scattering  patterns  of  Figure  2.  Figures  2  (A)  and  2  (C)  are 
photographs  of  laser  light  scattered  from  polished  sapphire  substrates  whose  surface  profiles 
are  shown  in  2  (B)  and  2  (D),  respectively.  The  peak-to-trough  roughnesses  of  the  sapphire 
substrates  are  seen  to  differ  hv  less  than  10  nm  with  the  consequence  of  increasingly  diffuse 
scattering  by  the  rougher  surface.  Typical  surface  morphologies  of  CVD  titanium  nitride 
exhibiting  mean  grain  sizes  of  0.9  am  and  2.3  tim  are  shown  in  Figures  2  (F)  and  2  (H). 
respectively.  The  corresponding  scattering  patterns  from  the  surfaces  are  shown  in  Figures 
2  (E)  and  2  (G).  A  striking  difference  in  scattering  pattern  is  observed  between  the  two 
samples,  which  display  considerable  speckle  contrast.  Note  that  the  Airy  rings  about  the 
central  (specular)  beam  are  the  result  of  the  spatial  filter  used  and  are  not  a  result  of  laser 
scattering.  The  relative  distortion  of  the  rings,  howl  er,  may  be  considered  another 
indication  of  roughness. 


Fig.  2.  (A)  and  (C): 
Photographs  of 
scattering  patterns 
from  sapphire 
surfaces  (B)  and  (D). 

(E)  and  (G): 
Photographs  of 
scattering  patterns 
from  CVD  titanium 
nitride  surfaces 

(F)  and  (H). 


The  relationship  between  the  intensity  of  the  diffuse  component  of  the  scattered  light 
and  the  root  mean  square  (rms)  roughness  of  a  surface  has  been  quantified  |X|: 

I 

-  =  exp  [  -((4  tr  <jrmscos  «,)/A)'  1  (if 


where  <j„m  is  the  rms  roughness  and  a  is  0.6328  pm,  the  wavelength  of  the  incident  light. 
Also,  1  is  the  intensity  of  the  specular  reflection  from  the  rough  surface.  I,,  is  the  total 
intensity  of  all  light  reflected  from  the  surface,  and  s,  is  the  angle  of  beam  incidence. 

Thi.,  .scalar  approach  hu.>  he;"  applied  to  electromagnetic  scattering  fr-'"  s<. 
with  a  Gaussian  height  distribution  (9)  and  a[ms  of  the  order  of  I  pm  (10.1 1],  To  be  exact. 
I„  should  be  measured  by  a  Coblent?  or  collecting  sphere.  For  practical  purposes,  however. 
I„  can  he  taken  to  be  the  intensity  of  the  specular  reflection  from  a  'perfectly'  smooth 
surface  of  the  same  material  as  the  rough  surface  ( 3 0).  In  this  case,  the  smooth  surface  was 
a  clean  silicon  wafer  substrate. 

Root  mean  square  roughness  measurements  were  taken  on  the  scries  of  silicon 
carbide-on-silicon  deposits  made  at  1273  K.  shown  in  Figure  3.  The  micrographs  show  the 
progress  of  the  coating  from  individual  submiernmeter-sized  clusters  at  1?  seconds  to  a 


_  V 

15  sec 

1 .75  min 

•  * 

30  sec 

•  .  * 

•  •  ‘  • 

*• 

•  1  ’  *  *•  4 

»  \  :  *» 

2  min 

^ 

*  11  ^  ^ 

45  sec 

f*  , ^  *  *  < 

•  . 

5  min 

9 

* 

1  min 

• 

10  min 

% 

.  -  .  v 

f 

1 .25  min 

*  « 

••  • 

_ _ _ 

20  min 

1  pm 


Fig,  3.  Scanning  Electron  Micrographs  showing  development  ol  the 
morphology  of  silicon  carbide  deposited  on  silicon  at  1273  K. 
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Fig.  4.  Specular  beam 
profiles  scattered  ex  situ 
from  silicon  carbide 
surfaces  for  measurement 
of  runs  roughness. 


Time  of  O«pos'ft 
(p«ak  position  is  arbitrary) 


Fig.  5.  Comparison  of 
rms  roughnesses  obtained 
ex  situ  by  profilometry 
and  specular  reflectance 
with  in  situ  specular 
reflectance  results. 
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continuous  deposit  of  nodular  morphology  after  2  minutes.  The  relative  peak  heights  of  the 
specular  beam  reflected  from  the  30  second,  1,  2.  5.  10.  and  20  minute  deposits,  which  are 
representative  of  a  variety  of  surface  morphologies,  are  shown  in  Figure  4.  The  intensity 
of  each  reflection.  I,  was  determined  from  the  integrated  area  under  the  peak,  and  om,s  was 
calculated. 

Profilometer  traces  covering  at  least  .SO  fim  of  each  surface  were  also  taken,  and  the 
standard  deviation  of  vertical  height  displacement  from  the  mean,  which  is  the  definition  of 
orms,  was  calculated.  The  results  of  these  ex  situ  measurements  are  compared  in  Figure  5, 
Both  methods  indicate  a  similar  trend  with  good  agreement.  Fhe  largest  discrepancy'  is  at 
30  seconds,  when  the  separation  of  clusters  on  the  surface  is  greatest.  The  apparent 
'bracketing'  of  the  roughness  values  obtained  from  scattering  by  the  profilometer 
measurements  may  be  the  result  of  a  bandwidth  limitation  placed  on  the  detected  scattered 
intensities  by  the  geometry  of  the  scattering  apparatus,  which  includes  the  size  of  the  slit 
across  the  detector  array. 

A  more  complete  description  of  the  surface  statistical  parameters  of  a  rough  surface 
is  possible  through  a  vector  scattering  treatment  of  the  angular  distribution  of  scattered  light 
from  the  surface.  For  a  surface  whose  roughness  falls  within  a  'smooth-surface'  limit,  that 
is  nrms  <  <  A,  the  intensity  distribution  of  scattered  light  can  be  directly  related  to  the  Power 
Spectral  Density  (PSD)  of  the  surface.  The  PSD.  being  the  square  magnitude  of  the  Fourier 


transformation  of  the  surface  profile,  contains  information  about  both  the  vertical  and 
horizontal  character  of  the  surface. 

if  the  surface  features  are  sufficiently  isotropic  in  arrangement,  the  incident  beam  will 
be  scattered  with  intensity  maxima  corresponding  to  the  spatial  frequencies  (/,)  of  surface 
features,  since  the  surface  can  be  considered  to  be  a  composite  of  many  sinusoidal 
diffraction  gratings.  The  positions  of  the  seauered  maxima  are  then  those  that  would  be 
predicted  by  the  familiar  grating  equation  for  the  plane  of  incidence: 

sin  it,  -  sin  * 

/,  =  - —  (2) 

A 


where  is  the  angle  to  the  scattered  peak.  The  vector  scattering  analysis  also  allows  the 
intensities  of  the  maxima  to  yield  information  about  the  mis  roughness  variance  and  rms 
slope  variance  of  the  scattering  features  by  evaluating  the  zeroth  and  second  moments  of 
the  PSD,  respectively  (3.12], 

In  situ  experiments  to  explore  both  the  scalar  and  vector  approaches  to  the  scattering 
problem  were  performed  on  silicon  carbide  deposits,  using  the  scattering  apparatus 
integrated  with  the  co'd-wall  reactor.  A  sequence  of  scattering  patterns  from  the  sample 
surface  was  collected  during  the  early  stages  of  growth  of  each  coating.  The  specularly 
reflected  beam  was  captured  in  these  studies  to  determine  surface  roughness  from  the 
change  in  intensity  of  the  specular  beam.  An  incident  beam  oi  bighej  intensity  was  also 
used  to  explore  the  generation  of  peaks  far  from  the  specular  beam  due  to  the  spacing  ot 
the  rough  surface  features. 

Excerpts  from  the  series  of  spectra  taken  near  the  specular  beam  during  a  5-minute 
in  situ  experiment  are  shown  in  Figure  6.  The  spectra  arc  presented  in  perspective  view 
with  scattered  intensity  plotted  against  position  on  the  photodiode  array  and  increasing  time. 
The  specular  beam,  seen  to  the  right  of  the  frame,  is  truncated  because  its  intensity 
exceeded  the  capacity  of  the  photodiodes.  The  change  in  rms  roughness  was  calculated 
from  the  variation  in  intensity  of  the  specular  beam  by  fitting  a  Gaussian  intensity  profile 
to  each  truncated  peak,  and  integrating  the  intensities  to  obtain  a nm  according  to  Equation 
(1).  In  situ  roughnesses  were  calculated  for  the  same  time  intervals  as  the  ex  situ  studies 
and  are  shown  for  the  5-minute  exoeriment  and  a  2-minute  experiment  in  Figure  5.  The 
agreement  among  the  in  situ  studies  is  good,  and  the  trend  is  very  similar  to  the  «  situ 
results.  The  magnitudes  of  the  roughnesses  obtained  by  the  two  sets  of  experiments  differ 
only  by  a  scaling  factor,  which  may  be  related  to  an  error  in  the  initial  calculation  of  1(,  for 
the  in  situ  studies. 

Z3S0 


Fig.  6.  Series  of  spectra 
obtained  in  situ  from 
silicon  carbide  during  a 
5  minute  experiment. 


91 


Fig.  7.  Spatial 
separations  (qm) 
observed  during  the 
first  21  seconds  of  a 
2  minute  in  situ 
experiment. 


In  another  set  of  in  situ  experiments,  spectra  were  taken  farther  from  the  specular 
beam  where  intensity  maxima  would  be  expected  due  to  the  spacing  of  surface  features  such 
as  those  displayed  in  Figure  3.  With  the  detector  position  well-established,  inter-feature 
spacings  may  be  assigned  to  the  spatial  frequencies  corresponding  to  the  various  maximum 
peaks  according  to  Equation  (2).  The  results  of  such  an  analysis  are  shown  in  Figure  7  for 
spectra  taken  during  the  first  21  seconds  of  a  2-minute  experiment.  The  specular  beam  is 
located  a  known  distance  to  the  right  of  the  frame  allowing  a  high  intensity  incident  beam 
to  be  used.  Note  that  the  initial  spectra  are  relatively  free  from  any  distinguishing  features. 
At  13  seconds,  the  first  peaks  appear  at  spatial  frequencies  corresponding  to  larger  spacings 
of  11  to  16  jam.  With  increasing  deposition  lime,  a  variety  of  spacings  down  to  0.7  ^ni 
become  more  prominent.  Smaiter  peaks  between  6  and  7  um  appear  at  13  seconds  but 
gradually  fade  by  20  seconds. 

It  is  not  clear  which  of  the  peaks  can  be  justifiably  assigned  spatial  frequencies  based 
on  the  coherent  isotropic  scattering  discussed  earlier.  Also,  the  sizes  of  the  initial  clusters 
lapidlv  exceed  the  smooth-surface  limit  necessary  for  an  exact  vector  scattering  analysis  of 
the  spectra.  It  is  important  to  note,  however,  that  significant  changes  in  the  scattered 
spectra  occurred  with  progress  of  the  deposition. 


CONCLUSION'S 

The  laser  scattering  technique  has  been  shown  by  several  methods  to  be  sensitive  to 
subtle  changes  in  surface  morphology.  While  actual  CVD  surfaces  seldom  display  the  ideal 
periodicity  and  smoothness  requisite  for  an  exact  solution  to  the  scattering  problem,  laser 
scattering  is  still  effective  as  a  general  method  for  monitoring  the  rms  roughness  of  deposits. 
It  can  also  be  used  as  an  in  situ  diagnostic  for  the  appearance  of  certain  features  of  a 
deposition  process  as  has  been  demonstrated  elsewhere  for  the  epitaxial  growth  of  silicon 
[  13 J.  If  tile  surface  features  possess  some  degree  of  periodicity,  the  spatial  frequencies  of 
the  features  can  be  obtained  from  the  scattered  spectrum.  Therefore,  with  some  knowledge 
of  the  nature  of  the  depositing  material,  laser  scattering  is  a  promising  technique  for 
monitoring  the  growth  of  C'VD  coatings,  which  may  find  the  greatest  application  in 
manufacturing  situations  requiring  process  control. 
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ABSTRACT 

Light-scattering  was  used  to  monitor  the  chemical  vapor  deposition  of  silicon  carbide  from 
methyltrichlorosilane.  The  nucleation  and  growth  of  the  SiC  features  caused  changes  in  the 
surface  topography  that  altered  the  angular  scattering  spectrum  that  was  generated  with  a  Hc-Ne 
laser.  These  scattering  spectra  were  then  analyzed  to  obtain  information  about  the  nucleation 
and  growth  processes  that  are  occurring. 


INTRODUCTION 

The  formation  of  polycrystalline  materials  by  chemical  vapor  deposition  (CVD)  proceeds 
by  nucleation  and  growth  mechanisms  that  control  the  resultant  microslructurc.  In  spite  of  its 
technological  importance,  most  of  the  current  understanding  of  the  relationship  between  the 
CVD  process  and  the  microstructure  and  properties  of  polycrystalline  materials  is  qualitative  and 
empirical.  Better  design  and  control  of  CVD  materials  will  be  possible  with  an  improved 
understanding  of  the  nucleation  and  growth  processes  that  determine  the  microstructurc. 

The  CVD  of  silicon  carbide  has  been  studied  extensively  (1).  Because  of  its  high  strength 
and  chemical  stability  at  elevated  temperatures,  polycrystallinc  SiC  produced  by  CVD  is 
potentially  important  for  a  variety  of  applications.  Also,  SiC  matrix  composites  for  high- 
temircraturc  structural  applications  are  being  produced  commercially  by  chemical  vapor  infiltration 
(CVI),  which  is  essentially  CVD  in  a  porous  structure  [2j.  A  variety  of  different  microstructures 
have  been  observed  in  CVD  SiC  and  empirically  correlated  to  the  temperature,  pressure,  and  gas 
composition  that  was  used  for  deposition  Jl).  However,  the  mechanisms  which  govern  these 
observed  microstructural  differences  arc  not  well  understood. 

1  igh'-sraitering  is  commonly  used  to  measure  surface  roughness  (3-5).  thus  it  has  been 
proposed  as  an  in-situ  method  ot  monitoring  the  evolution r  '  the  surface  topography  during  CVD 
[6,7],  These  types  of  measurements  were  made  during  the  CVD  of  SiC,  and  are  presented  here 
along  with  a  brief  analysis. 


DESCRIPTION  OF  EXPERIMENTS 

Silicon  carbide  was  deposited  from  methyltrichlorosilane  (MTS),  using  H,  as  a  carrier  gas. 
The  substrates  were  prepared  by  depositing  polycrystallinc  SiC  onto  grapniic  disks,  ami  J: .  1 
polishing  the  deposited  material  to  a  mirror  finish.  The  local  smoothness  of  these  surfaces  (i.e., 
the  absence  of  scratches)  was  verified  with  scanning  electron  microscopy. 

The  reactor  consisted  of  a  vertically  mounted  silica  tube,  where  the  reactant  gases  were 
introduced  through  the  top  flange,  and  the  vacuum  system  was  connected  to  the  bottom  flange 
(i.e.,  a  down-flow  configuration).  The  substrate  was  positioned  inside  of  a  custom-designed, 
cylindrical  graphite  heating  clement.  The  temperature  of  the  sample  was  measured  with  an 
optica!  pyrometer  that  was  sighted  through  a  slit  in  the  heating  element.  Figure  1  is  a  schematic 
of  the  light-scattering  apparatus  that  was  used  as  an  in-situ  monitor  during  this  process.  The  10 
mW  Hc-Nc  laser  was  directed  at  the  substrate  through  a  port  in  the  reactor,  and  the  specular 
beam  reflected  from  the  substrate  exiled  through  this  same  port.  The  intensity  of  this  specular 
beam  was  measured  by  reflecting  it  off  of  a  mirror  and  into  a  single  photodiode.  Both  the 
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Fig.  1  Schematic  of  the  in-silu  light  scattering  apparatus. 

incident  and  reflected  beams  passed  through  slits  in  the  heating  element.  Both  the  incident  and 
specular  intensities  were  measured  by  passing  the  beams  through  a  small  hole  and  onto  the 
photodiode.  The  use  of  this  aperture  facilitated  alignment  and  reproducibility.  However,  the 
specular  reflectance  underwent  significantly  more  divergence  than  the  incident  beam,  thus  the 
aperture  may  have  caused  slightly  low  specular  intensity  measurements. 

A  portion  of  the  scattered  light  from  the  substrate  was  collected  by  a  linear  array  of  1024 
photodiodes,  after  passing  through  a  slit  in  the  healing  element  and  a  second  port  in  the  reactor. 
The  substrate  temperature  was  between  950  and  1000°C  for  all  of  the  runs  that  were  conducted, 
lower  temperatures  were  not  possible  because  Si  rather  than  SiC  deposition  has  been  observed 
(8.9).  Thus,  at  the  temperatures  that  were  studied  there  is  a  significant  amount  of  thermal 
background  radiation.  This  did  not  affect  the  specular  reflectance  measurements,  however,  the 
intensity  of  this  background  exceeded  the  intensity  of  the  scattered  light.  To  remove  most  of  the 
thermal  background  radiation,  two  laser-line  filters  (narrow  hand  pass  filters  which  transmit  only 
at  a  wavelength  of  652.8  nm)  were  positioned  in  front  or  the  detector  array.  A  narrow  slit  was 
also  positioned  between  the  line  filters  and  the  detector. 

For  the  experimental  measurements  to  be  quantitatively  meaningful,  the  specular  and 
scattered  intensities  must  be  compared  to  the  incident  beam  intensity.  To  accomplish  this, 
detailed  calibration  measurements  prior  to  deposition  were  necessary  because  of  the  windows, 
mirror,  and  line  fillers  that  were  used.  The  angular  position  of  the  detector  array  was  also 
determined  with  a  set  of  careful  calibration  measurements. 

RESULTS 

The  intensity  of  the  specular  reflectance  is  plotted  versus  the  deposition  time  in  Figure  2. 
The  top  line  (hollow  circles j  shows  only  a  small  decrejse  In  the  specular  intensity  as  deposition 
proceeds,  while  the  bottom  line  (filled  circles)  shows  a  significantly  larger  decrease.  The  filled 
circles  were  measured  during  deposition  at  a  higher  temperature  and  a  higher  MTS  concentration, 
thus  the  faster  decrease  in  the  specular  intensity  is  reasonable  because  deposition,  and  hence 
surface  roughening  occurs  at  a  faster  rate. 

Figure  i  shows  a  sequence  of  scattering  spectra  that  were  collected  during  the  same 
experiment  where  the  lower  line  in  Figure  2  was  measured.  The  magnitude  of  the  scattering 
signals  initially  increases  rapidly,  and  after  several  minutes  the  rale  of  increase  is  much  slower. 
During  this  CVD  process  individual  SiC  features  nucleate,  grow,  and  eventually  coalesce  into  a 
polycrystallinc  film  [  1 ).  The  initial  rapid  increase  in  the  scattering  intensities  corresponds  to  the 
nuclcation  and  growth  of  individual  SiC  features.  After  these  features  coalesce  into  a 
polycrystallinc  film  the  surface  topography  changes  at  a  much  slower  rate,  thus  the  scattering 
spectra  apparently  change  at  a  much  slower  rate. 
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Fig.  2  The  intensity  of  the  specular  beam.  I,  (normalised  to  the  incident  intensity.  1,)  versus 
deposition  time.  The  open  circles  were  measured  with  the  substrate  at  95<I"C  and  Hj/MT5=42. 
The  filled  circles  were  measured  wilh  the  substrate  at  06?”C  and  Hj/MTS='\  In  both  cases  the 
total  pressure  was  .3  kPa. 

ANALYSIS  AND  DISCUSStON 

The  specular  intensity  is  the  easiest  optical  measurement  that  can  be  made  in  the  system 
that  was  used  here.  It  provides  an  in-situ  monitor  of  changes  in  the  surface  topography,  but  it 
can  not  be  used  to  obtain  detailed  quantitative  information.  As  noted  above,  the  results  in  Figure 
.1  indicate  that  intensity  changes  in  the  scattering  spectra  can  pi. wide  more  precise  information 
(e.g.,  monitoring  the  formation  of  a  coalesced  polycryxtalline  film).  In  theory,  a  more  detailed 
analysis  is  also  possible  because  the  angular  scattering  spectrum  contains  all  of  the  information 
that  is  necessary  to  quantitatively  describe  the  surface  topography  |v|  To  conduct  this  type  of 
analysis,  the  angular  scattering  spectra  in  Figure  3  arc  first  converted  to  the  powei  spectral 
density  (PSD).  The  one  and  two  minute  spectra  in  Figure  3  were  converted  to  PSD  versus  r 
plots  that  are  shown  in  Figure  4.  The  independent  variable,  r,  is  given  by: 

r  =  *  [sinflj  -  sin8,  ]  ,  I 


where  k  is: 

*  .  ll 

k 


and  6,  and  6S  are  the  incident  and  scattering  angles,  respectively.  The  reference  point  for  these 
angles  is  the  surface  normal  (i.c.,  an  incident  beam  that  is  perpendicular  to  the  surface 
corresponds  lo  0S  =  0).  The  laser  wavelength,  i,  is  0.6328  pm  for  the  He-Nc  laser  that  was 
used. 
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Fig.  3  A  scries  of  angular  scattering  spectra  measured  with  a  substale  temperature  of  965  “C,  a 
total  pressure  of  3  kPa,  and  HVMTS  =  7. 
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Experimental  results  such  as  those  shown  in  Figure  4  can  he  analyzed  with  an  appropriate 
expression  for  the  PSD  that  Jeprnds  on  the  mathematical  description  of  the  surface  profile  that 
is  used.  The  standard  approaches  are  based  on  Gaussian  surface  profiles  ]3|.  which  do  not 
accurately  describe  the  surfaces  that  form  during  the  CVD  of  polycrystalline  materials.  During 
the  early  stages  of  CVD.  shot-models  can  accurately  describe  the  nucleation  and  growth  of 
individual  surface  features.  By  building  an  appropriate  nucleation  and  growth  mtxlel  into  a  shot- 
model  of  the  surface  profile,  the  parameters  that  describe  the  nucleation  and  growth  kinetics  can 
be  obtained  directly  from  the  light-scattering  spectra  [10|.  fn  this  previous  work,  these  nucleation 
and  growth  based  shot-models  were  successfully  used  to  analyze  out-of-reactor  light  scattering 
measurements  that  were  made  on  CVD  surfaces. 

The  experimental  PSD  results  in  Figure  4  were  first  analyzed  with  a  simple  nucleation  and 
growth  model  that  assumes  that  nucleation  occurs  in  a  short  hurst  at  one  point  in  time,  and  is 
followed  only  by  growth  of  this  collection  of  nuclei.  This  behavior  has  been  observed 
experimentally  during  the  CVD  of  polycrystallinc  silicon  [1 1.12].  This  model  leads  to  a  relatively 
simple  expression  for  the  power  spectral  density  (3. 10]: 
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where  n  is  the  nucleat  on  density  (nurlei.'pm3),  -  is  the  growth  rale  (pm, min),  r  is  time,  and  A 
is  a  Bessel  function.  Evaluating  the  infinite  scries  for  A  gives: 
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The  leading  term  in  Eq.  (4)  can  be  viewed  as  the  intensity  of  the  PSD.  which  is  a  function 
of  both  the  nucleation  and  growth  parameters  (r]  and  u).  The  poly  nomial  factor  that  follows  this 
term  is  an  infinite  scries  that  can  be  viewed  as  the  "shape"  of  the  PSD  curve,  which  is  only  a 
function  of  the  growth  rate  and  the  deposition  time  (i.e.,  not  the  nucleation  density).  In  Figure 
4  the  intensity  of  the  scattering  spectra  increases  with  time,  while  the  shape  of  the  PSD  shows 
almost  no  change  with  time.  This  is  not  consistent  with  Eq.  (4)  because  the  shap-’  should  also 
change  as  growth  proceeds.  This  is  evidenced  by  nonlinear  regression  results  according  to  Eq. 
(4),  that  yield  values  of  q  =51  nuclei/pm3  and  u  =  0.25  pm/min  for  the  one  minute  PSD  and 
t|  =  53  nuclci/pm2  and  u  =  0.13  pm/min  for  the  two  minute  PSD.  Close  examination  of  Eq  (4) 
also  shows  that  the  PSD  is  very  sensitive  io  small  changes  in  u  and  l.  and  less  sensitive  to  the 
value  of  i).  The  experimental  PSD  results  in  Figure  4  were  also  analyzed  with  other  nucleation 
and  growth  models  that  arc  described  elsewhere  (10|.  In  general,  the  nucleation  and  growth 
parameters  that  were  obtained  with  these  models  were  also  inconclusive. 

As  expected,  these  results  are  less  precise  than  the  out-of-rcactor  measurements  that  were 
performed  previously  [10].  There  arc  several  reasons  for  this: 

1.  It  was  possible  to  make  scattering  measurements  over  a  much  wider  angular  range  in  the 
out-of-rcactor  case. 

2.  It  was  necessary  to  remove  most  of  the  thermal  background  radiation  from  the  heating 
element  and  the  hot  substrate  with  narrow-band  pass  filters.  This  substantially  reduces  the 
intensity  of  the  scattered  signal. 

3.  In  addition  to  reducing  the  signal  intensity,  the  windows  and  narrow-band  pass  filters  that 
were  used  between  the  substrate  and  the  detector  create  other  problems  associated  with 
refraction  and  unwanted  reflections.  These  were  accounted  for  with  calibration 
measurements,  but  some  inaccuracies  still  exist. 
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In  future  research,  efforts  to  reduce  these  problems  should  be  explored.  The  angular  range 
can  be  expanded  with  a  wider  detector  array,  or  by  using  multiple  detector  arrays.  Reducing  the 
problems  associated  with  the  thermal  background  radiation  will  require  a  modified  reactor  design, 
or  a  stronger  laser  to  generate  stronger  scattered  signals.  Some  improvements  might  also  K- 
obtained  by  making  better  calibration  measurements. 


CONCLUSIONS 

Laser  light-scattering  was  used  as  an  in-situ  monitor  of  nuclcation  and  growth  during  the 
CVD  of  polycrystalfnc  SiC.  The  intensities  of  the  specular  reflection  and  the  scattered  light  were 
used  to  qualitatively  monitor  changes  in  the  surface  topography  during  deposition.  Previously, 
out-of-rcactor  scattering  measurements  have  been  used  to  quantitatively  analyse  nuclcation  and 
growth  parameters.  Similar  analyses  were  applied  less  successfully  to  the  in-situ  measurements 
that  were  made  here.  Improved  quantitative  analysis  will  require  improvements  in  the  CVD  light- 
scattering  apparatus. 
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INTERACTIVE  USE  OF  ELECTRON  MICROSCOPY  AND  LIGHT  SCATTERING  AS 
DIAGNOSTICS  FOR  PYROGENIC  AGGREGATES 


Richard  A.  Dobbins.  Division  of  Engineering,  Brown  University,  Providence,  RI  02912 


ABSTRACT 

Both  electron  microscopy  and  light  scattering  have  played  an  important  role  in 
elucidating  the  processes  of  inception,  growth,  and  oxidation  of  carbonaceous  particles  in 
flames.  The  techniques  developed  have  application  to  the  various  pyrogenic  materials 
including  the  metallic  oxides,  carbides,  etc.  Thermophoretic  sampling  has  been  developed  to 
afford  efficient  extraction  of  particle  samples  from  hot  reaction  zones.  The  sampling 
procedure  preserves  the  particle  morphology  for  subsequent  analysis  by  transmission 
electron  microscopy  (TEM).  Studies  using  this  technique  have  shown  aggregate  structures 
with  fractal  dimensions  of  1.6  to  1.8,  a  result  that  is  consistent  with  the  computer  simulauons 
of  the  cluster-cluster  aggregation  process.  Diverse  morphologies,  including  microparticles 
found  in  the  particle  inception  zone,  reveal  the  evolution  of  these  aggregates.  The  optical 
cross  sections  for  polydisperse  aggregates  which  are  used  to  interpret  the  laser 
scattering/extinction  tests  (LSE)  are  described.  Population  averaged  properties  -  volume 
fraction,  volume  mean  diameter,  monomer  and  aggregate  number  concentrations,  mean- 
square  radius  of  gyration  -  are  derived.  The  interactive  use  TEM  and  LSE  data  leads  to  a 
global  description  of  the  aggregate  dynamic  processes  which  are  found  to  be  regionally 
partitioned  within  the  laminar  hydrocarbon  diffusion  flame. 

I.  Introduction 

During  the  last  twenty  years  there  has  been  a  frequent  use  of  LSE  tests  to  monitor  the 
formation  and  growth  of  particulate  materials.  The  use  of  LSE  in  combustion  research  to 
diagnose  the  formation  of  carbonaceous  panicles  in  flames  has  an  extensive  history  [1-5],  It 
is  to  be  noted  that  the  experimental  procedures  have  progressed  more  rapidly  then  has  the 
theoretical  foundations  that  provide  the  basis  for  the  interpretation  of  the  tests  results.  Thus 
the  initial  observations  were  analyzed  on  the  falacious  assumption  of  a  population  of 
monodisperse  spherical  particles.  TEM  provides  entirely  different  information,  which  when 
rationalized  with  the  LSE  data  provides  important  insight  into  the  nature  of  the  particle 
formation  processes. 

TEM  observations  of  panicles  are  normally  made  by  ex  situ  observations  that  require 
a  sampling  procedure  which  does  not  alter  the  state  of  the  material  to  be  examined.  While 
obtrusive  sampling  has  been  avoided  in  the  past,  more  recently  these  methods  have  proven 
capable  of  providing  the  vital  information  on  particle  morphology  [6,7]  upon  which  the  cross 
sections  for  scattering  and  extinction  are  based.  On  the  other  hand,  TEM  analysis  cannot 
provide  data  on  the  aerosol  suspension  -  properties  such  as  panicle  number  or  volume 
concentration,  surface  area  per  unit  volume,  etc. 

LSE  has  the  great  advantage  of  providing  in  situ  observations  of  the  population  of 
particulate  material  occupying  a  small  volume  in  a  precisely  defined  space.  Because  of  the 
wide  dynamic  range  of  photomultipliers,  it  is  possible  to  make  observations  over  a  wide 
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range  of  particle  concentrations  even  in  the  presence  of  very  strong  gradients  of  particle 
properties  181.  Furthermore,  multiangle  observation  and  tomographic  inversion  methods 
permit  the  LSE  diagnostic  methods  to  be  applied  to  complex  nonsymetric  geometries  of  the 
reactor  system  [91.  A  weakness  of  the  LSE  observations  is  their  inability  to  provide  direct 
information  on  the  particle  morphology  upon  which  the  data  interpretation  is  dependent. 

II.  Thermophoretic  Sampling 

The  extraction  of  particulate  material  from  a  high  temperature  environment  can  be 
achieved  by  the  rapid  insertion  of  the  microscope  grid  to  the  point  of  interest.  The  technique 
is  referred  to  as  thermophoretic  sampling  since  the  temperature  gradient  in  the  thermal 
boundary  layer  drives  the  particles  to  the  grid  surface.  The  grid  is  then  directly  transferred  to 
the  electron  microscope  for  detailed  examination  of  the  captured  sample.  The  evolution  of 
the  particle  morphology  is  analyzed  by  taking  a  series  of  samples  extracted  at  selected 
positions  along  the  particle  path.  The  details  of  this  technique  are  described  elsewhere  [6). 

The  most  important  information  that  is  yielded  by  thermophoretic  sampling  is  the 
morphological  character  of  the  particle  field.  For  example,  ceramic  particles  at  a  temperature 
well  above  their  melting  point  will  normally  be  present  in  the  form  of  polydispcrse  spheres. 
Similarly,  particles  formed  in  the  early  inception  stage  may  be  isolated  spherules.  The  optical 
behavior  of  these  particles  is  well  described  by  Mie  theory  calculations  modified  to  include  a 
polydispersity  of  the  particle  population.  A  common  morphology  that  is  not  accommodated 
by  the  spherical  assumption  is  the  aggregate  configuration  which  has  been  encountered  either 
as  an  intermediate  or  as  a  terminal  state  of  particle  development. 

Aggregated  (clusters  or  agglomerates)  of  primary  particles  (monomers  or  spherules) 
are  formed  by  the  process  of  cluster-cluster  aggregation  and  constitute  a  major  panicle 
morphology  [10-13).  The  quantitative  description  and  diagnostic  analysis  of  aggregates  is 
facilitated  by  the  concept  of  mass  fractals.  Thus  the  number  of  primary  particles  per 
aggregate  is  related  to  the  radius  of  gyration  Rg  and  the  primary  diameter  dp  by 


n  =  kf(Rg/dp)Df  (1) 

where  Df  is  the  fractal  dimension  and  kf  is  the  prefactor,  Aggregates  formed  by  cluster- 
cluster  aggregation  have  fractal  dimensions  of  1.8  to  1.9  according  to  numerical 
simulations[3).  Laboratory  experiments  of  several  different  types  yield  fractal  dimensions  in 
the  range  of  1.6  to  1.9  which  is  good  agreement  with  the  theoretical  results.  TEM 
experiments  readily  yield  values  of  dp  and,  with  somewhat  more  effort,  provide  values  of  n. 
The  Rg  of  an  aggregate  can  be  found  from  the  2-D  projection  provided  by  TEM. 
Stereoscopic  TEM  methods  and  computerized  data  acquisition  provide  clear  advantages 
when  these  techniques  are  available. 

Aggregates  undergoing  the  clustering  process  will  inevitably  display  polydispersity 
since  the  number  of  primary  particles  per  aggregate  will  be  highly  variable.  For  a  population 
of  polydisperse  aggregates  Eq.  (1)  can  be  recast  as 

R^/dJ  (2) 

i 

Here  Rg  is  defined  as  appropriate  for  the  interpretation  of  the  optical  observations  and  the 
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quantity  ic  assumes  the  dependence  on  Df,  kf  and  the  size  PDF.  The  quantity  n1  is  the  first 
moment  of  the  size  distribution  function.  A  knowledge  of  dp  is  readily  determined  by  TEM 
and  becomes  an  important  input  into  the  full  description  of  the  aggregate  field.  A  knowledge 
of  the  n!  and  dp  yields  the  volume  average  of  the  volume  equivalent  spheres  of  the 
members  of  the  aggregate  population, 

D30=P'),/3dp  (3) 

The  value  of  the  k  is  approximately  2.6  to  3.3  [14]  for  size  distributions  that  approximate 
the  self  preserving  distribution.  A  detailed  size  distribution  is  obtainable  from  the  TEM 
micrographs  if  a  more  accurate  value  of  tc  is  required.  Further  details  of  the  aggregate  field 

require  a  knowledge  of  the  particle  concentration  which  is  more  readily  obtainable  from  the 
scattering  measurements  as  discussed  below. 


III.  Laser  Scattering/Extinction  Measurements 

The  observation  of  the  scattering  and  extinction  of  light  at  a  well  defined  laser 
wavelength  provides  two  additional  pieces  of  information  that  are  sensitive  to  different 
moments  of  the  size  distribution  function  in  the  case  of  aggregates  consisting  of  an  absorbing 
material.  In  this  instance  a  measure  of  a  mean  size  is  possible  as  is  illustrated  elsewhere 
( 14,15].  For  dielectric  particles  both  scattering  and  extinction  depend  on  the  same  moment 
ratio  and  no  information  on  aggregate  size  is  afforded.  In  this  event  the  angular  distribution 
of  scattering  is  of  greater  interest  [16,17],  The  differential  volumetric  scattering  cross 
section  Qn(0)  at  the  angle  8  from  the  forward  direction  for  randomly  oriented,  polydisperse 
aggregates  [18]  is  given  by 


QVy(8)  =  Na  fn  (  n*  )2  Xp  F(m)  f(X)/k2 


where 


F(m)  =  I  (m2  -  1  )/(m2  +■  2)1 

f(X)  =  exp  (-X/3),  X  <  1.5Df 


k=2ttA 


qi  =  An  sin  (6j/2)/X 

xp  =  jidpA 

2  2 
x  =  8i  Rg 

with  Na  equal  to  the  number  of  aggregates  per  unit  volume,  and  f„  is  a  moment  ratio  *  1.7 
[14,15], 
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Equation  (4)  applies  to  aggregates  with  X  £  1.5  Df  which  is  given  here  by  way  of 
illustration.  In  this  case,  observations  of  the  light  scattered  at  two  angles  yields  the 
ratio  Ry  =  Qw  (0iVQvv(®j)  where  6j  >  8,,  and  gives  from  Eq.  (4)  the  mean  square  radius  of 
gyration, 


Rg=VnR,A2  (5) 

where  a=y  is  a  constant  that  depends  on  the  angles  8j  and  8,  [15].  Equation  (5)  is  notable  in 

2 

that  it  requires  no  knowledge  of  the  size  distribution  or  refractive  index  [18].  With  and 
the  value  of  dp  from  TEM,  the  values  n1  and  D30  can  be  found. 


IV.  Interactive  use  of  TEM  and  LSE 

TEM  aids  LSE  when  used  to  (a)  define  morphology,  (b)  provide  values  of  dp  for 
quantitative  data  reduction  and  (c)  explore  regions  of  complex  morphology.  An  illustration 
of  the  first  two  levels  of  interactive  use  is  now  provided.  Dissymetry  measurements 

give  R2  ,  TEM  gives  values  of  dp  which  through  Eqs.  2  and  3  give  n1  and  Dw.  With  the 

refractive  index  of  the  material,  the  quantity  F(m)  is  known  along  with  all  quantities  on  the 
right  hand  side  of  Eq.  (4)  except  the  aggregate  number  concentration.  The  latter  is  found  by 
the  measurement  of  the  absolute  value  of  Qvv(0)  using  a  gas  of  known  scattering  cross 
section  and  concentration  as  a  calibration  medium  [19]  or  an  aerosol  of  known  size 
distribution,  refractive  index  and  concentration  [17).  Once  the  aggregate  number 
concentration  Na  is  known,  the  volume  fraction  of  the  material  fv  and  the  particulate  surface 
area  per  unit  volume  S,  can  then  be  determined  by 

*v  =  ^a  g  D30  (6) 

S,  =  Na  n*  (7) 


The  values  of  fv  and  S,  are  important  in  the  determination  of  heterogeneous  reaction  rates. 

The  abbreviated  results  presented  here  are  given  in  more  detail  in  the  references  listed  below. 

Striking  morphology  gradients  do  occur  in  the  case  of  the  carbonaceous  materials 
produced  in  diffusion  flames.  Isolated  singlet  microparticles  have  been  first  identified  by 
thermophoretic  sampling,  and  their  discovery  provides  valuable  information  on  the  early 
formation  of  graphitic  soot  from  a  PAH  precursor  particle  [20].  This  discovery  indicates  that 
gradients  in  particle  morphology  are  accompanied  by  gradients  in  refractive  index  and  sire 
distribution  as  well.  Quantitative  analysis  of  the  particle  field  in  the  presence  of  these 
complications  provides  an  interesting  challenge  for  both  LSE  and  TEM.  Metal  oxide 
particles  have  been  observed  as  fractal  aggregates  and  as  polydisperse  compact  spheres 
[16,17]  and  both  diagnostic  methods  are  therefore  of  value  in  this  instance. 
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V.  Summary 

The  data  yielded  by  the  TEM  and  LSE  experiments  are  of  dissimilar  but 
complementary  natures.  The  interactive  application  of  these  techniques  provides  information 
that  is  beyond  the  capabilities  of  either  method  used  alone. 
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Abstract 


An  understanding  of  the  chemical  processes  occurring  in  the 
gas  phase  during  metalorganic  chemical  vapor  deposition  is  needed 
to  design  novel  precursors  and  for  the  subsequent  control  of  the 
composition  and  the  microstructure  of  the  solid  product.  Tunable 
diode  laser  absorption  spectroscopy  provides  a  means  to  precisely 
monitor  specific  bond  rupture  in  the  precursor  during  pyrolysis. 
Methylsilazane  [CHjGiHNH]n,  a  precursor  to  silicon-based  ceramic 
thin  films,  was  used  to  investigate  the  potential  of  this  tech¬ 
nique.  Below  the  decomposition  temperature ,  the  intensity  of 
the  absorption  line  at  871.6±0.1  cm  corresponding  to  one  of  the 
harmonics  from  Si-CH3,  increased  linearly  with  the  vapor  pressure 
of  methylsilazane  up  to  800  Pa  and  then  decreased  exponentially. 
The  typical  linewidths  of  the  absorption  line  was  approximately 
0.006  cm"1,  orders  of  magnitude  narrower  than  would  be  observable 
using  conventional  infrared  techniques.  The  absorption  line  was 
detectable  over  a  pressure  range  from  less  than  1  Pa  to  10  kPa. 


Intrpdpctjgn 


There  has  been  an  increasing  interest  in  novel  synthetic 
routes  of  thin  films  by  the  pyrolysis  of  organometallic  precur¬ 
sors.  Metalorganic  chemical  vapor  deposition  (MOCVD)  provides  a 
means  of  low-temperature  processing  of  pure  metals  ar.i  alloys, 
metal  and  metalloid  carbides,  borides,  nitrides,  silicides,  and 
related  thin  films  which  has  both  important  technical  and  econo¬ 
mical  implications  for  structural  and  microelectronic  device 
applications. 

Despite  the  demonstrated  potential  utilities,  little  is 
known  of  the  chemical  processes  by  which  organometallic  compounds 
are  converted  to  solid  thin  films  upon  pyrolysis.  This  stems 
from  the  nature  of  the  complex  molecular  structures  that  serve  as 
precursors,  and  the  even  more  complex  and  intractable  structures 
that  are  intermediates  in  the  pyrolysis  process.  Optimization 
of  deposition  conditions  are,  thus,  usually  made  by  experimen¬ 
tally  varying  the  numerous  process  parameters  until  acceptable 
deposits  are  obtained.  As  the  need  to  design  novel  organometal¬ 
lic  precursors  rises  and  control  of  composition  and  microstruc¬ 
ture  of  pyrolytic  products  becomes  more  demanding,  studies  aimed 
at  understanding  of  the  chemical  processes  which  arise  during  the 
film  formation  pose  a  formidable  challenge. 
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In  an  attempt  to  understand  the  chemical  reactions  in  detail 
we  have  implemented  high-resolution  tunable  diode  laser  spectros¬ 
copy  (TDLAS)  as  a  chemically  selective,  high  sensitivity  diagnos¬ 
tic.  Individual  diodes,  commercially  available  with  center  fre¬ 
quencies  between  300  cm  1  and  3000  cm  1  "  ,  are  chosen  to  match  the 
IR  absorption  spectrum  of  the  species  and  vibrational  transitions 
of  interest.  Measurement  of  the  line  integrated  absorption 
strength  of  a  particular  transition  can  be  correlated  with  the 
species  concentration  with  appropriate  calibration  procedures. 

In  addition,  by  implementing  novel  modulation  techniques  we  are 
able  to  monitor  species  concentration  with  high  sensitivity  and 
in  real  time. 

In  this  report,  we  present  preliminary  data  on  the  detection 
of  methylsilazane,  a  novel  crganometallic  precursor  used  in  the 
synthe^^p  of  dielectric  thin  films  at  low  deposition  tempera¬ 
tures.  '  This  precursor  has  a  rich  infrared  spectrum  making  it 
an  ideal  candidate  for  TDLAS  detection. 


Experimental  procedures 


Methylsilazane  was  synthesized  following  the  published  pro¬ 
cedure.  Its  molecular  structure  and  properties  were  described 
elsewhere.  A  gas  cell  equipped  with  GaAs  windows  was  used 

for  the  studies  by  Fourier  Transform  Infrared  Absorption  Spec¬ 
troscopy  (FTIR)  and  TDLAS.  Carbonyl sulfide  and  ammonia  were 

used  for  the  calibration  of  the  laser  frequencies. 


A  schematic  diagram  of 
the  TDLAS  setup  is  shown  in 
Fig.  1.  The  rather  complex 
signal  processing  scheme  re¬ 
flects  the  implementation  of 
two  modulation  techniques 
which  afford  very  high  sensi¬ 
tivity  detection  free  from 
etalon  fringes  induced  by  the 
windows  of  the  reaction  cham¬ 
ber.  High  sensitivity  is  at¬ 
tained  by  frequency  modulating 
the  laser  at  40  MHz,  an  ap¬ 
proach  known  as  frequency  mod¬ 
ulation  spectroscopy  (FMS) . 

The  etalon  fringes  are  reject¬ 
ed  by  combining  FMS  with  a 
novel  type  of  wavelength  modu¬ 
lation  spectroscopy.  The  two 
methods  result  in  absorption 
lineshapes  which  resemble  de¬ 
rivatives  of  the  actual  ab¬ 
sorption  lines.  Details  of  how 
|^MS  achieves  high  sensitivity 
and  rejects  optical  fringes6 
are  discussed  elsewhere. 


Figure  X  Schematic  diagram  of 
tunable  diode  laser  absorption 
spectrometer . 
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For  this  report  the  laser  was  used  in  two  modes  of  opera¬ 
tion.  Temperature  tuning  provides  medium  resolution  broadband 
spectral  scans.  Current  tuning  with  the  above  modulation  tech¬ 
niques  implemented  provides  high  resolution  narrow  band  scans. 
In  both  cases  the  laser  was  controlled  by  a  personal  computer. 


The  gross  features  of 
characteristic  vibrational  mo¬ 
des  resulting  from  the  groups 
of  atoms  attached  to  silicon 
in  gaseous  methylsilazane  are 
shown  in  the  conventional  FTIR 
spectrum  of  Fig.  2.  A  strong 
line  centered  at  938  cm"  (Si- 
N-Si  asymmetric  stretch)  to¬ 
gether  with  peaks  at  3392  and 
1184  cm'1  arising  from  N-H  str¬ 
etching  and  bending  modes  in¬ 
dicate  the  presence  of  Si-NH- 
Si  structures  in  the  precur¬ 
sor.  The  symmetric  -CH3  de¬ 
formation  gives  a  very  sharp 
and  intense  band  at  1264  cm 


Wavenumber  £  l  ^ 

9  za|  55 

“  i 


Figure  2  FTIR  spectrum  of  gaseous 
methylsilazane  precursor. 


and  is  the  most  characteristic 

feature  for  methyl  groups  bonded  to  silicon.  The  line  at  1264 
cm'  is  accompanied  by  equally 
intense  bands  at  888  and  765 
cm'  from  the  -CH}  rocking  and 
the  Si-C  stretching  vibra¬ 
tions.  Sjj-H  band  stretching 
at  2155  cm’  is  one  of  the  most 
distinctive  features  of  orga- 
nosilicon  compound. 

Almost  all  the  absorption 
bands  appearing  in  the  FTIR 
spectrum  can  be  detected  by 
using  TOLAS .  The  current 
laser  installed  in  our  system 
tuned  from  855  cm'1  to  905  cm'  . 

A  broad  scan  over  this  entire 
range  using  temperature  tuning 
was  performed  on  methylsila¬ 
zane  as  shown  in  Fig.  3.  The 
strongest  absorption  peak  at 
around  870  cm  was  chosen  to 
be  examined  in  high  resolu¬ 
tion.  The  resultant  typical 
absorption  line  is  shown  in 
figure  4.  The  peak  was  identified  by  comparing  with  peak  posi¬ 
tions  of  carbonylsuifide  and  ammonia  to  be  at  87i.6±o.i  cm'  .  It 
was  found  to  be  one  of  the  harmonics  of  the  rotational-vibration¬ 
al  mode  arising  from  the  -CH3  rocking  in  methylsilazane.  The 


Figure  3  A  broad  band  scan  using 
TDLAS. 
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0 . 1  cm"  uncertainty  was  due  to 
thermal  drift  of  the  laser. 
Uncertainty  down  to  0.0003  cm 
can  be  easily  achieved  when 
more  than  one  optical  detector 
is  available  to  perform  simul¬ 
taneous  measurement.  Series 
of  scans  with  the  same  experi¬ 
mental  parameters  were  done  at 
various  vapor  pressures  of 
methylsilazane.  The  peak  sig¬ 
nal  from  each  scan  is  plotted 
against  gas  pressure  as  showh 
in  figure  5.  The  absorption 
signal  varies  as  a  product  of 
un  exponential  decay  term  that 
is  due  to  the  absorption  of 
the  laser  carrier  and  a  linear 
term  that  is  due  to  the  dif¬ 
ferential  absorption  of  the 
laser  side  bands.  '  Figure 

5  shows  three  different  re¬ 
gions.  First,  the  linear  re¬ 
gion  apparent  below  0.5  Torr 
is  the  low  pressure  regime 
where  the  absorption  peak  is 
predominantly  Doppler  broad¬ 
ened.  The  second  region  is 
the  transition  region  between 
0.5  and  6  Torr.  At  0.5  Torr, 
the  absorption  profile  starts 
to  be  pressure  broadened  so 
that  the  curve  starts  to  devi¬ 
ate  from  linearity.  Then, 
the  linear  term  competes  with 
the  exponential  term.  The 
third  region  starts  at  around 

6  Torr.  This  is  the  high 
absorption  region  where  the 
exponential  term  predominates. 


rCH 


— Scan  Range  to. 75  GHz'  — 

Figure  4  Identification  of  methy¬ 
lsilazane  absorption  peak  by  OCS 
and  NHj  references. 


The  whole  curve  serves  as  v-L.’V.V'd-.  ~ 

a  calibration  curve  for  the  XaPor  Pressure  1*°") 

real  time  monitoring  experi-  _ _ 

ment.  In  practice,  the  first  Figure  5  CWFMS  signal  calibration 
region  is  the  most  important  of  methylsilazane  as  a  function 
part  as  complete  bond  rupture  Qf  vapor  pressure, 
means  sharp  decrease  in  ab¬ 
sorption.  If  the  third  re¬ 
gion  is  to  be  used,  sensitivi¬ 
ty  can  be  improved  by  applying  simple  TDLAS  without  our  modu¬ 
lation  techniques.  The  signal  to  noise  ratio  obtained  at  10 
mTorr  with  16  Hz  detection  bandwidth  was  in  excess  of  300. 

Since  870  cm"  was  not  the  peak  lasing  mode  of  our  laser,  this 
signal  to  noise  ratio  means  submillitorr  monitoring  in  the  kHz 
detection  bandwidth  range  could  be  possible  with  the  right  laser 


for  different  representative  peaks.  This  also  indicates  the 
possibility  of  submicrotorr  detection  for  steady  state  condition. 


A  careful  design  of  the  reaction  chamber  will  boost  the  sensi¬ 
tivity  up  by  half  or  even  one  order  of  magnitude. 


Summary 


We  investigated  the  possibility  of  using  branches  of  tunable 
diode  laser  absorption  spectroscopy  to  monitor  reaction  mechanism 
of  MOCVD  processes.  The  infrared  absorption  modes  of  an  organo- 
metallic  precursor,  methy’.silazane ,  were  investigated  using  both 
medium-  and  high-resolution  laser  scans.  The  proven  capabili¬ 
ties  of  high  sensitivity,  high  resolution,  and  fast  data  acquisi¬ 
tion  time  of  this  technique  offer  a  possible  diagnostic  tool  for 
the  in  situ  monitoring  of  chemical  processes  taking  place  during 
the  pyrolysis  of  organometallic  precursors. 
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AXIAL  CONCENTRATION  PROFILE  OF  Hj  PRODUCED  IN 
THE  CVD  OF  SijN4. 
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ABSTRACT 

Silicon  nitride  (SijN^)  has  been  demonstrated  to  be  an  effective  high  temperature 
anti-oxidant  when  deposited  in  its  a -crystalline  form.  The  Materials  Technology  1  aboratory  at 
UTRC  has  developed  a  pilot-scale  chemical  vapor  deposition  (CVD)  reactor  capable  of  depositing 
t*-SijN4  from  ammonia  (NHi)  and  silicon  tetrafluoride  (SiF4)  at  18  torr  and  1440  C.  Coherent 
anti-Stokes  Raman  spectroscopy  (CARS)  has  been  applied  to  measure  H;  produced  in  this 
reactor.  Axial  concentration  measurements  have  been  performed  both  in  the  presence  and  absence 
of  SiFj  Previous  CARS  measurements  demonstrated  the  importance  of  surface  (Si>N4)  catalyzed 
decomposition  of  NHy. 

2NHi  -  3H2  +  N2 


as  a  competing  reat.ion  to: 


4NH.i  +  3SiFa  -  Si,N4  +  12HF 

in  the  CVD  reactor  under  deposition  conditions.  The  observed  hydrogen  concentration  profiles 
confirm  these  measurements  and  allow  quantitative  comparison  between  the  competing  reactions 
NHj  decomposition  is  suppressed  20%  by  the  addition  of  SiF4  in  a  6:1  (NHj-.SiF4)  molar  ratio. 
No  decomposition  is  observed  in  the  absence  of  Si>N4. 

Introduction 

Silicon  nitride  (Si  jN^  is  an  effective  high  temperature  anti-oxidant  1 1)  when  deposited  in  its 
er-crystal!ine  form.  The  UTRC  Materials  Technology  Laboratory  has  developed  a  thermal  CVD 
process  (2)  for  o-SijN4  deposition  from  ammonia  (NHj)  and  silicon  tetrafluoride  (SiF4)at  1.8  torr 
and  1440  C.  In  order  to  validate  the  modeling  performed  |3)  on  the  UTRC  reactor  design,  it  is 
desirable  to  measure  species  concentration  profiles  within  an  operational  reactor.  Out  objective 
is  to  apply  non-intrusive  optical  diagnostics  within  the  UTRC  reactor  environment  for  in  situ 
species  concentration  and  temperature  measurements.  To  accomplish  this  objective,  a  CVD 
reactor  with  multiple  optical  access  ports  was  constructed.  This  access  allows  in  situ  measurements 
to  be  made  at  reference  operating  conditions  at  several  positions  downstream  of  the  reactant 
injectors. 

CARS  was  selected  as  the  diagnostic  to  be  applied  for  several  reasons.  First,  this  technique 
requires  only  limited  line  of  sight  optical  access  to  the  reactor.  Second,  the  resultant  signal  is 
coherent.  This  allows  background  discrimination  of  intense  black  body  background  by  simple 
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beam  propagation  through  a  distance.  R  (the  background  drops  oil  as  1/R-  while  the  coherent 
signal  is  attenuated  only  due  to  diffractive  and  scattering  losses  which  are  small).  Third,  CARS 
is  applicable  to  all  species  possessing  a  Raman  active  vibrational  mode  and  is  therefore 
theoretically  capable  of  being  used  to  observe  the  ground  state  of  any  molecular  species  And 
finally,  a  rovibrational  CARS  spectra  can  be  interpreted  to  yield  both  a  species  concentration  and 
a  rotational  temperature.  In  a  thermal  reactor,  such  as  the  one  that  the  CTRC  method  utilises, 
rotation  is  in  equilibrium  with  the  other  degrees  of  freedom  and  accurately  iepresents  the  bulk  gas 
temperature. 

The  experimental  observation  that,  in  the  reactor,  under  normal  operating  conditions,  the 
CARS  signal  due  to  NHj  is  not  detectable  above  1000  C.  has  been  reported  previously  |4).  NHj 
is  known  to  undergo  homogeneous  thermal  decomposition  in  the  gas  phase  at  this  temperature 
and  above,  but  gas  kinetic  calculations  |3]  indicate  that  no  significant  homogeneous  decomposition 
occurs  within  the  typical  residence  time  (-  1  secjofgas  phase  species  in  the  reactor.  It  was  therefore 
expected  that  significant  amounts  of  unreacted  NHj  would  survive  the  reactor  environment,  and 
be  present  in  concentrations  amenable  to  CARS  detection.  As  discussed  below,  our  results  indicate 
that  this  is  not  the  case:  NH3  is  not  spectroscopically  observable  in  rhe  reactor.  However,  a 
decomposition  product.  Hi,  is  detectable. 

Heterogenous  reactions  are  thus  found  to  contribute  significantly  to  the  global  chemistry  of 
the  reactor.  Two  surfaces  exist  in  an  unloaded  reactor,  the  bare  graphite  retort  walls,  and  the  Si  3N4 
coaling.  NHj  etching  of  graphite  has  been  demonstrated  to  occur  in  the  absence  of  SiFY  Based 
on  the  CARS  detection  of  Hi  at  a  variety  of  conditions,  the  importance  of  surface  (Si  3N4)  catalyzed 
decomposition  of  NHj: 


2NH.iS-'3H:  +  N; 


is  established  as  a  competing  reaction  to: 

4NH.i  +  3SiK,  -  SijN4  +  12HF  (2) 

in  the  CVD  reactor  under  deposition  conditions  Mass  spectroscopic  measurements,  performed 
on  the  reactor  exhaust,  confirm  that  the  primary  gas  phase  species  are  N2.  Hi  and  HF  ]5).  1C  is 
observed  spectroscopically  both  in  the  presence  and  absence  of  S1F4 


The  experimental  setup  has  been  discussed  in  detail  elsewhere  |5|.  Collinear  narrowband 
scanning  CARS  is  employed.  The  frequency  doubled  output  of  a  Nd  VAG  laser  (pump  beam)  is 
divided,  one  portion  being  used  to  pump  a  dye  laser.  The  output  of  the  dye  laser  (probe  beam) 
is  combined  with  the  pump  beam  in  a  collinear  and  copropagating  manner.  The  resultant  dichroic 
beam  is  focused  with  a  50  cm  focal  length  lens  into  the  CVD  reactor  shown  schematically  in  Fig. 
1  After  recollimation  at  the  reactor  exit,  the  signal  is  separated  from  the  pump  and  a  probe  beams 
by  a  dichroic  mirror.  Further  noise  reduction  is  accomplished  by  filters  and  monochromater.  after 
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Schematic  of  diagnostic  reactor.  All  optical  access  ports  are  shown  plugged  with  the  exception 
of  the  second  highest.  Reactants  are  Infected  from  the  reactor  bottom  and  exhausted  at  the  top. 

which  the  signal  impinges  on  a  PMT.  The  PMT  output  is  processed  by  a  boxcar  integrator  and 
stored  on  a  PDP  1 1/34  microcomputer  for  display  and  further  processing.  The  pump  and  probe 
beams  are  further  utilized  to  produce  a  nonresonanl  CARS  signal  by  focusing  them  into  a  high 
pressure  (50  -  80  psi)  cell,  normally  filled  with  Ni.  This  nonresonanl  signal  is  recovered,  processed 
and  stored  in  a  similar  manner  to  the  resonant  signal. 

In  the  course  of  an  experiment,  the  CARS  system  is  aligned  at  room  temperature  in  such  a 
manner  that  both  resonant  and  nonresonant  signals  are  maximized  by  small  changes  in  the  position 
of  the  beam  combiner.  During  the  heating  cycle,  small  changes  in  the  position  of  the  dichroic  are 
required  to  correct  for  changes  in  the  optical  index  of  the  reactor  atmosphere.  Thermal  expansion 
of  the  retort  wall  can  also  occur,  resulting  in  a  partial  eclipsing  of  the  optical  access  path  .  This 
is  followed  during  the  experiment  by  monitoring  the  magnitude  of  the  nonresonant  signal  generated 
in  the  reference  cell.  Any  fluctuation  in  laser  power,  including  partial  eclipsing  of  the  pump  and 
probe  beams,  affects  the  nonresonant  signal  intensity.  The  spectra  employed  in  data  analysis  have 
all  been  divided  by  the  nonresonant  signal  to  compensate  for  any  fluctuations  in  laser  intensity  that 
occur. 

Results  ,aml  Discussiun 

CARS  spectra  of  H2  were  obtained  in  the  reactor  at  heights  of  5.1.12.7  and  20.3  cm  above 
the  injector  assembly.  Figure  2  shows  spectra  obtained  near  reference  deposition  conditions  ( 1390 
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lnt#*r*rty 
art),  units 


•  NH  jAt 

•  590  SCCM1  50  9CCH 

•  T»1390*C 


•  NH/S*f,/Ar 

•  HO  SC  CM/ 100  SC  CM/1 50  SCCM 

•  T.1W0-C 


Figure  2 

CARS  spectra  of  H2  produced  by  the  decomposition  of  NH3  on  a  SI3N4  surface 

C.  2.3  torr.  590  seem  NHjand  1(X)  seem  SiF4)and  under  stmilar  conditions  in  ihe  absence  of  SiF4. 
The  spectra  arise  from  the  Q  branch  (AJ  =  0)of  the  i>  =  1  to  i>  =  Ovibrational  transition  near  4345 
cm1.  At  the  elevated  temperatures  employed  for  SijN4  deposition,  the  spectrum  is  dominated  by 
the  odd  J  rovibralional  transitions  Q(l).  Q(3).  and  Q(5):  with  the  most  intense  spectral  line  being 
Q(3).  The  right  trace  corresponds  to  deposition  conditions,  although  only  wall  deposition  was 
occurring  during  these  tests.  The  retort  wall  is  graphite  but  has  been  coated  with  SiiNj  to  a  level 
approximately  15  cm  above  the  injectors.  The  chemistry  could  be  complicated  in  this  instance  by 
possible  etching  of  SijN4  by  HF  formed  as  a  deposition  by  product: 

4NH,  +  3SiF4  -  Si,N4  +  12HF  (3) 

12HF  +  SijN4  -  3SiF4  +  6H2  +  2N;  (4) 

the  observed  H;  could  be  attributable  to  equation  1  and/or  equation  4.  The  left  trace  corresponds 
to  the  chemically  simplified  conditions  in  the  absence  of  SiF4.  No  deposition  occurs,  thus  the  H; 
origin  can  only  be  attributable  to  catalytic  decomposition  of  NH?  on  the  Si  jN4  surface  or  etching 
of  the  graphite  surface  by  NH3.  This  is  confirmed  by  two  observations.  First,  no  hydrogen  CARS 
signal  (from  ammonia  decomposition)  is  observable  in  a  "clean"  retort  The  reactor  was  first  run 
at  reference  operating  conditions  but  in  the  absence  of  SiF4,  these  conditions  generate  the 
maximum  H>  in  a  conditioned  (Si?N4  covered)  retort.  No  H2  CARS  signal  was  observable,  even 
at  pressures  up  to  10  torr.  SiF4  was  added  and  the  reactor  was  operated  through  two  normal  coating 
cycles,  providing  a  fresh  Si  jN4  coating  on  the  inner  retort  wall.  The  experiment  was  then  repeated 
(flowing  ammonia  only)  under  identical  conditions,  a  large  H>  CARS  signal  was  now  observable. 
This  indicates,  that  in  the  absence  of  SiF4,  the  hydrogen  is  not  produced  by  the  etching  of  graphite 
but  by  catalytic  decomposition  on  the  SmN4  surface  The  second  collaborating  observation  is  that 
the  NH  j  CARS  signal  disappears  above  1000  C.  The  absolute  sensitivity  of  our  system  to  ammonia 
was  determined  in  a  pyrex  cell  at  temperatures  up  to  1200  C.  and  indicated  that  NH3  should  be 
observable  in  the  reactor  unless  removed  by  a  reaction  other  than  Si3N4  formation. 

To  determine  if  H2  production  is  in  direct  competition  with  Si.iN4  formation,  the  experiments 
were  repeated  at  stoichiometric  partial  flow  rates.  That  is.  total  flow  rate,  pressure  and  temperature 
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Axial  concentration  profile  ot  H2  In  the  reactor 
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Figure  4 

H2  mole  fraction  (%)  as  a  function  of  pressure  at  the  S.1  cm  observation  port. 

were  kept  constant:  but  the  NHj  and  SiF4  flow  rates  were  adjusted  to  390  seem  and  290  seem 
respectively.  Under  these  conditions  Hj  is  still  observed,  however  the  spectrum  is  near  the  limit 
of  sensitivity  to  Hj  (0.5  torr.  1400  C).  so  no  quantitative  information  is  available 

Figure  3  depicts  the  H  j  concentration  measurements  made  at  reference  deposition  conditions 
as  a  function  of  axial  position  downstream  of  the  injector  assembly  Each  data  point  represents 
the  average  of  approximately  three  separate  experimental  measurements.  As  no  further 
decomposition  is  possible  above  the  15  cm  location,  measurements  at  higher  ports  were  not 
attempted.  The  trend  apparent  from  the  data  in  Fig.  3  is  that  the  H ;  concentration  increases  slightly 
with  increasing  distance  from  the  injectors  when  only  ammonia  is  injected  but  appears  to  have 
reached  a  steady  state  value  by  the  second  observation  port.  When  SiF4  is  added  however,  the  IU 
concentration  has  reached  this  state  at  the  lowest  detection  port.  Since  CFD  calculations  indicate 
that  thermal  equilibration  occurs  within  a  few  cm  of  the  injector  (3|.  the  main  effect  of  flowing 
downstream  is  an  increase  in  the  total  number  of  heterogeneous  collisions.  One  would  expect  a 
similar  behavior  if  the  collision  frequency  was  raised  by  increasing  the  total  pressure,  while  keeping 
constant  the  point  of  observation.  Figure  4  shows  the  effect  of  increasing  total  pressure  in  both 
cases.  As  observed  in  the  previous  data,  the  mole  fraction  of  hydrogen,  from  NH  j  only,  increases 
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slightly  with  increasing  pressure  until  reaching  a  constant  value  at  approximately  0  75  (The 
stoichiometric  limit.)  While  the  H;  mole  fraction  (*=  0.62)  produced  under  deposition  conditions 
(6:1  mole  ratio  of  NH  j  to  SiF4)  is  independent  of  pressure  under  the  limited  set  of  conditions 
investigated. 

If  the  deposition  of  silicon  nitride  competes  equally  with  the  decomposition  of  ammonia  (and 
the  mole  ratio  of  ammonia  to  silicon  tetrafluoride  is  6:1)  the  global  equation  can  be  written  as: 

3SiF4  +  18NH}S^'  Si )N4  +  7N2  +  21H2  +  12HF  (5) 

This  reaction  produces  a  maximum  expected  hydrogen  mole  ratio  of  525%.  The  observed 
ratio  is  about  59%  and  appears  independent  of  total  pressure.  This  could  indicate  that  ammonia 
decomposition  occurs  faster  than  silicon  nitride  deposition  or  that  equation  (4)  produces  H;  as 
well  as  equation  (5).  The  problem  with  interpreting  this  data  lies  in  the  observation  that  coating 
continues  to  occur  up  to  a  distance  of  approximately  15  cm  downstream  of  the  injector  assembly 
A  source  of  nitrogen  must  exist  at  least  to  this  point  in  the  retort.  Ammonia  decomposition  occurs 
throughout  the  reactor  wherever  ammonia  encounters  the  silicon  nitride  surface.  Back  diffusion 
of  the  hydrogen  then  occurs  to  reduce  the  observed  concentration  gradient  of  hydrogen  This  effect 
must  be  considered  in  interpreting  the  H;  concentration  data. 


This  research  is  being  supported  by  DARPA-DSO  through  WRDC  Contract 
F336I5-89-C-5628.  Major  Joseph  Hager  (WRDC)  is  the  contract  monitor,  and  Mr  William  Barker 
(DARPA)  is  the  sponsor.  The  technician  services  of  Edward  Dzwonkowski  and  Paul  Lasewicv 
contributed  greatly  to  the  success  of  the  measurements  described  herein.  In  addition,  discussions 
and  encouragement  from  Drs.  Alan  Eckbreth.  Jim  Strife.  Woo  Lee  and  Meredith  Colkel  HI  of 
UTRC,  and  Drs.  Bob  Ree.  Pauline  Ho,  Mike  Coltrin.  Duane  Outka.  Rich  Larson  and  Greg  Evans 
of  Sandia  National  Laboratory  were  extremely  valuable. 

Befcrenws 

1.  Strife.  J.  R.  .  "Development  of  High  Temperature  Oxidation  Protection  for  Composites." 
Annual  Report  R88-9 16789- 16.  Naval  Air  DC.  Warminster.  PA.  (1988). 

2.  F.  S.  Galasso.  R.  D.  Veltri.  and  W.  J.  Croft.  "Chemically  Vapor  Deposited  Si3N4."  Powder 
Met.  Int..  11  (7)  (1979). 

3.  Strife.  J.  R.  and  Kee.  R,  J..  "Manufacturing  Science  of  Silicon  Nitride  Chemical  Vapor 
Deposition."  Annual  Report  for  WRDC  Contract  F33615-89-C-5628.  (1991). 

4.  S.O.  Hay,  R.D.  Veltri,  W  Y.  Lee.  and  W.C.Roman.  Proceedings  of  the  SPIE  1435.  paper  #5 1 
Los  Angeles  CA  (1991). 


5.  S.O.  Hay,  W.C.  Roman,  and  M.B.  Colket,  J.  Mater.  Res..  5  (11).  2387-2397  (1990). 


LASER  INDUCED  FLUORESCENCE  FOR  TEMPERATURE  MEASUREMENT 
IN  REACTING  FLOWS 
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ABSTRACT 


OH  vibrational  Thermally  Assisted  Fluorescence  (THAF)  temperature  measurements 
have  been  demonstrated  in  both  premixed  and  diffusion  flames.  The  accuracy  of  the 
measurements  is  generally  better  than  100  K  over  a  wide  range  of  flame  conditions  for  which 
the  collisional  quenching  rate  varies  considerably.  Application  of  this  technique  for 
temperature  measurement  in  Chemical  Vapor  Deposition  (CVD)  flows,  for  which  the 
quenching  rate  is  relatively  constant,  should  exhibit  greater  accuracy.  THAF  measurements 
in  these  flows  are  limited  by  signal  to  noise  considerations,  and  should  be  possible  down  to 
pressures  of  lOMO4  Pa  or  less. 


INTRODUCTION 


The  application  of  laser  based  optical  oiagnostic  techniques  to  reacting  flows  is 
attractive  due  to  the  non  intrusive  nature  of  these  techniques  and  to  the  excellent  spatial  and 
temporal  resolution  with  which  measurements  can  be  made.  Laser  Induced  Fluorescence 
(L1F),  with  its  comparatively  large  signals,  is  particularly  suitable  for  making  measurements 
on  the  many  reactive  intermediates  that  are  found  in  such  flows.  In  addition  to  concentration, 
LIF  measurements  can  also  yield  information  on  internal  state  distributions,  and  hence 
temperature.  Several  different  LIF  approaches  have  been  developed  for  measuring 
temperature,  including  excitation  scans  for  measuring  ground  state  temperatures  [1-4], 
saturated  and  linear  two-line  fluorescence  [5,6],  and  thermally-assisted  fluorescence  (THAF) 

[7-11]. 

In  this  work  the  application  of  THAF  to  temperature  measurements  in  flames  is 
described,  and  its  possible  application  for  temperature  measurements  in  reacting  flows  used 
for  materials  synthesis,  such  as  those  typical  of  CVD  systems,  is  discussed.  The  THAF 
technique  uses  the  collisional  redistribution  of  population  among  internal  degrees  of  freedom 
following  laser  excitation  to  measure  temperature.  This  is  accomplished  by  spectrally 
resolving  the  fluorescence  from  the  collisionally  populated  states.  The  THAF  temperature 
measurements  in  flames  are  based  on  vibrational  transfer  in  A2£+  OH  following  (0-0)  band 
laser  excitation  from  the  X2n  ground  state.  Initial  studies  employing  this  approach  were 
carried  outbyCrosley  and  coworkers  [10,11]  inapremixed  methane-air  flame  for  a  limited 
number  of  conditions  and  demonstrated  that  temperature  measurements  could  be  made 
successfully,  although  calibration  was  required  for  each  flame  condition  due  to  the  variability 
of  the  collisional  quenching  rate.  This  early  work  has  been  extended  through  a  detailed  study 
of  the  effects  of  quenching  in  a  wide  variety  of  methane,  ethylene,  and  acetylene  flames  [12], 
and  a  calibration  procedure  has  been  developed  that  accounts  for  these  effects  without 
requiring  knowledge  of  the  local  flame  conditions.  Examples  of  THAF  temperature 
measurements  made  in  several  premixed  and  diffusion  flames  are  discussed  below. 
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THEORY  AND  APPARATUS 


Vibrational  THAF  involves  the  collisional  transfer  of  population  from  the  laser  excited 
level  (v'=0  in  this  case)  to  other  vibrational  levels  within  the  laser  excited  electronic 
manifold.  A  two-level  model  of  this  process  considering  only  the  laser  excited  level  and  the 
adjacent  higher  level  (Fig.  1)  can  be  used  to  relate  the  populations  of  these  two  levels  to 
temperature.  A  steady-state  population  balance  for  the  higher  of  the  two  levels  (v'  =  l)  is 
assumed  and  the  principle  of  detailed  balancing  invoked  to  relate  the  upward  and  downward 
rates  of  vibrational  transfer.  This  yields  the  following  expression  for  the  emperature. 


(1) 


where  AF.10  is  the  energy  difference  between  the  v’  =  1  and  0  levels,  N,  and  N0  are  their 
respective  populations,  k  is  Boltzmann's  constant,  Q  is  the  collisional  quenching  rate,  Vlois 
the  downward  vibrational  transfer  rate,  and  A  is  the  spontaneous  emission  rate.  For 
atmospheric  pressure  flame  measurements  Q  >  >  A,  and  therefore  the  term  multiplying 
N,/N0  ,  which  causes  a  departure  from  a  Boltzmann  population  distribution,  becomes 
(1+Q/V)  and  is  independent  of  pressure.  Thus  temperature  may  be  determined  through 
knowledge  of  the  relative  populations  of  v’=0  and  v'  =  l  and  the  collisional  term  Q/V. 

The  apparatus  used  for  making  the  OH  vibrational  THAF  measurements  employed 
a  standard  90°  L1F  geometry.  The  details  of  the  apparatus  have  been  described  elsewhere 
[12,13],  and  only  the  main  features  are  described  below.  The  output  of  a  NdtYAG  pumped 
dye  laser  system  was  frequency  doubled  and  tuned  to  the  Q,(6)  rotational  transition  of  the 
OH  A-X  (0-0)  band  at  approximately  308.8  nm.  The  pulse  energy  delivered  to  the  probe 
volume  was  approximately  25  jrJ  with  a  spot  size  of  1-2  mm.  The  OH  (1-0)  and  (0-1)  band 
fluorescences  at  285  nm  and  343  nm  were  simultaneously  detected  using  a  dual  channel 
system  consisting  of  a  pair  of  photomultipliers  and  interference  filters. 

The  measurements  in  premixed  flames  were  performed  in  the  post  flame  zones  of  a 
series  of  C2H2,  C2H4,  and  CH4/02/N2  flames  using  a  water  cooled,  capillary  tube  burner. 
The  OH  THAF  measurements  were  compared  to  sodium  line  reversal  measurements  [12], 
and  also  to  equilibrium  calculations  and  OH  ground  state  rotational  temperatures  determined 
by  absorption.  The  diffusion  flame  measurements  were  performed  using  an  ethylene  jet 
diffusion  flame  described  by  Santoro  et  al.  [14]  as  their  flame  2.  The  OH  THAF 
measurements  were  compared  directly  to  the  thermocouple  measurements  of  Santoro  et  al. 


TEMPERATURE  MEASUREMENTS  IN  FLAMES 


In  order  to  make  OH  vibrational  THAF  temperature  measurements  in  flames  a 
calibration  must  first  be  performed  [12].  Briefly,  the  change  in  Q/V  in  a  premixed  flame  as 
composition  is  varied  is  determined  by  inverting  Eqn.  1  and  calculating  Q/V  using  the 
measured  OH  fluorescences  and  temperatures  obtained  independently  through  sodium  line 
reversal  measurements  for  each  flame  condition.  A  linear  fit  to  Q/V  vs.  temperature  is  then 
carried  out  and  used  to  replace  the  Q/V  term  in  Eqn.  1.  This  calibration  then  allows 
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Figure  1.  Two  level  model  of  vibrational  transfer. 


Figure  3.  OH  vibrational  THAF  temperatures 
(diamonds  and  solid  line)  and  thermocouple 
measurements  (dashed  line)  in  an  ethylene  jet 
diffusion  flame  at  a  height  of  2  cm. 


Figure  5.  Variation  of  normalized  population  of 
v’  =  l  versus  Q/A,  the  ratio  of  quenching  rate  to 
spontaneous  emission  rate.  Q/A  is  proportional  to 
pressure. 


Figure  2.  Comparison  of  OH  vibrational  THAF 
temperatures  (diaroonds-CyHy.  triangles-CH4, 
squares-C2H4)  to  sodium  line  reversal 
measurements  (solid  tines)  versus  equivalence  ratio 
in  premixed  flames. 


Figure  4.  Fractional  uncertainty  in  temperature 
versus  vibrational  energy  spacing  for  (Q  +  AJ/V 
values  of  1  (diamonds),  0.3  (squares)  and  0.) 
(pluses). 


Figure  6.  Sensitivity  of  the  OH  THAF 
measurement  to  changes  in  temperature  as  a 
function  of  temperature  for  constant  Q/V  (squares) 
and  Q/V  a  linearly  increasing  function  of 
temperature  (diamonds). 
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calculation  of  temperature  from  the  OH  fluorescences  without  the  need  for  knowledge  of  the 
flame  conditions.  The  extent  to  which  this  linear  approximation  of  Q/V  with  respect  to 
temperature  holds  determines  the  accuracy  of  the  THAF  measurement.  The  resultant  OH 
vibrational  THAF  temperatures  in  a  series  of  methane,  ethylene,  and  acetylene  premixed 
flames  are  shown  as  a  function  of  equivalence  ratio  in  Fig.  2.  The  solid  lines  are  cubic 
spline  fits  to  the  sodium  line  reversal  measurements.  In  general,  the  agreement  of  the  THAF 
measurements  with  the  sodium  line  reversal  temperature  is  better  than  100  K  except  in  the 
most  fuel  rich  cases.  The  3<r  uncertainty  of  the  measurements,  which  are  based  on  400  laser 
shot  averages,  is  approximately  120  K. 

OH  THAF  measurements  in  the  diffusion  flame  based  on  a  calibration  performed  in 
a  premixed  ethylene  flame  are  shown  along  a  diameter  at  a  height  of  2  cm  in  Fig.  3.  This 
axisymmetric  flame  consists  of  an  annular  combustion  zone  with  fuel  from  the  central  jet  in 
the  inner  core  and  air  on  the  outside.  Traversing  outward  along  a  radius  one  first  passes 
through  a  sooting  zone,  which  can  give  rise  to  scattered  radiation  and  broadband 
fluorescence,  and  then  through  a  thin  zone  where  OH  is  present.  The  OH  THAF 
measurements  shown  in  Fig.  3  have  been  corrected  for  both  non-resonant  background  light 
and  also  for  self-absorption  of  the  fluorescence,  and  are  denoted  by  the  diamonds  and  the 
solid  line  cubic  spline  fit.  The  thermocouple  measurements  are  denoted  by  the  dashed  line. 
The  agreement  between  the  two  measurements  is  within  75  K. 


TEMPERATURE  MEASUREMENTS  IN  REACTING  FLOWS 


The  results  discussed  above  show  that  accurate  vibrational  THAF  temperature 
measurements  can  be  made  in  high  temperature  flames  characterized  by  a  variable  cotlisional 
environment.  The  reacting  flows  used  for  materials  synthesis,  such  as  those  typical  of  the 
CVD  process,  are  characterized  by  lower  temperatures,  lower  pressures,  and  a  less  variable 
collisional  environment  since  the  bulk  of  the  flow  is  composed  of  a  carrier  gas  such  as  argon 
or  hydrogen.  In  order  to  assess  the  applicability  of  the  THAF  technique  to  such  flows  the 
influence  of  these  factors  on  signal  levels,  and  hence  degree  of  measurement  uncertainty,  and 
on  sensitivity  to  changes  in  temperature  must  be  considered.  The  fractional  uncertainty  in 
the  temperature  is  given  by 
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where  ST  is  the  resultant  uncertainty  in  the  temperature,  R  is  the  ratio  of  the  fluorescences 
from  v'  =  l  and  0  and  SR  is  the  uncertainty  in  that  ratio,  and  SN  is  the  uncertainty  in  the 
populations  of  v'  =  l  and  0.  Constants  of  proportionality  have  been  omitted  in  progressing 
from  left  to  right.  Since  signal  to  noise  is  limited  by  the  amount  of  population  found  in  N,, 
the  final  form  of  Eqn.  2  was  derived  by  assuming  a  constant  uncertainty  in  the  measurement 
of  N,  and  N0,  SN,  and  substituting  an  expression  relating  N,  to  temperature,  vibrational 
energy  difference,  and  population  transfer  rates.  Note  that  as  population  loss  from  quenching 
or  spontaneous  emission  becomes  large  compared  to  the  vibrational  transferrate  (Q+A  >  > 
V)  the  uncertainty  in  the  temperature  increases.  This  can  be  seen  in  Fig.  4,  in  which  the 
fractional  temperature  uncertainty  has  been  plotted  against  vibrational  energy  difference  for 
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three  values  of  (Q+A)/V.  Since  Q  and  V  are  both  pressure  dependent  while  A  is  not,  the 
population  of  v'  =  l  becomes  independent  of  pressure  for  Q  >  >  A.  This  is  illustrated 
directly  in  Fig.  5,  in  which  the  normalized  population  of  v’  =  1  is  plotted  against  the  pressure 
dependent  ratio  Q/A  fora  constant  Q/V  (which  is  pressure  independent).  Significant  loss  of 
population  starts  to  occur  at  a  Q/A  value  of  about  one.  Uncertainty  also  increases  for  large 
AE/kT  since  not  as  much  population  transfer  occurs  to  v’  =  1  at  low  temperature  or  for  a  large 
energy  difference  (Fig.  4).  For  small  AE/kT  the  decreased  sensitivity  also  causes  larger 
uncertainty.  Best  performance  is  obtained  for  AE/kT  around  2.  Variation  in  Q/V  with 
temperature,  such  as  that  found  for  OH  in  flames,  also  affects  the  sensitivity  of  the  technique. 
This  is  shown  in  Fig.  6,  from  which  it  can  be  seen  that  the  variation  in  Q/V  for  OH  reduces 
the  sensitivity  of  the  technique  by  about  a  factor  of  two  at  2000  K.  In  CVD  systems  this 
effect  is  not  expected  to  occur. 

Parameters  necessary  for  assessing  the  suitability  of  several  candidate  species  for  use 
in  vibrational  THAF  temperature  measurements  in  silicon  processing  CVD  flows  in  terms  of 
the  considerations  discussed  above  are  shown  in  Table  I.  The  ratio  AE/kT  is  listed  for  each 
species  for  a  temperature  of  1000  K,  and  the  pressure  at  which  Q/A  =  1  based  on  the 
quenching  cross-sections  listed  has  been  calculated.  For  SiH,  SiO,  and  SiF  a  quenching 
cross-section  of  1  A2  for  collisions  with  Ar  is  assumed  due  to  the  lack  of  available  data. 
With  the  exception  of  SiO,  it  appears  that  vibrational  THAF  should  be  feasible  with  these 
species  without  a  loss  of  signal  strength  of  more  than  50%  down  to  pressures  in  the  range 
of  103  -  104  Pa.  This  comparison  is  based  on  differences  in  the  radiative  lifetimes  (r„d)  and 
illustrates  the  effects  of  pressure.  Increases  in  Q/A  due  to  larger  quenching  cross-sections 
will  lower  the  pressure  limits  shown  in  Table  I  but  will  also  result  in  lower  absolute  signal 
levels  since  the  populations  in  both  v'=0  and  1  in  the  Q  >  >  A  limit  are  inversely 
proportional  to  the  quenching  cross-section.  Finally,  it  appears  that  the  vibrational  energy 
spacing  of  these  species  is  within  acceptable  bounds  for  the  temperature  range  of  interest, 
with  SiH  probably  the  most  attractive  species  based  on  the  criteria  set  forth  here. 


TABLE  1 

Radiative  lifetimes  and  quenching  rates  for  some  Si  containing  species. 


Species 

AE  (cm1) 

AE/kT  1,1 

’V,d=1/A  <ns) 

oQ  (A*) 

P(Pa)1M 

OH 

2993  1,51 

2.1 

693  11,1 

0.42  (Ar)1’61 
6.5  (Hj)<17' 

4.4  x  104 
8.0  x  102 

SiH 

1661  1151 

1.2 

534  "8' 

t 

2.4  x  104 

SiO 

840  1151 

0.59 

10-30  1151 

J. 

7.0  x  10- 

SiF 

698  1151 

0.50 

230  11,1 

t 

3.1  x  104 

t  </q  =  1  A2  assumed. 

[a]  for  T  =  1000  K. 

[b]  for  Q/A  =  1. 
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CONCLUSIONS 


Vibrational  THAF  thermometry  using  OH  in  flames  has  been  demonstrated  over  a 
wide  range  of  conditions  in  premixed  flames.  It  has  also  been  shown  that  it  is  possible  to 
make  OH  THAF  temperature  measurements  in  a  diffusion  flame  based  on  a  calibration 
performed  in  a  premixed  flame.  This  calibration  takes  into  account  changes  in  the  collisional 
quenching  rate  as  flame  conditions  change,  and  is  both  the  limiting  factor  in  the  accuracy  of 
OH  THAF  flame  temperature  measurements  as  well  as  a  factor  in  reducing  the  sensitivity  of 
the  measurements.  In  considering  the  application  of  this  technique  to  CVD  flows,  it  is  not 
expected  that  such  a  calibration  procedure  will  be  necessary,  as  collisions  are  primarily  with 
the  carrier  gas  species.  Based  on  consideration  of  the  factors  that  limit  the  •  msitivity  and 
uncertainty  levels  of  THAF  thermometry  and  estimation  of  the  relevant  parameters  for  species 
of  interest,  it  appears  that  vibrational  THAF  thermometry  should  be  feasible  in  CVD  flows 
down  to  pressures  of  103  -  104  Pa  or  less. 
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ABSTRACT 


The  first  optical  emission  spectra  of  Ti,  TiN  and  TiSi2  plasma  during 
growth  of  thin  films  by  pulsed  laser  evaporation  has  been  reported  A  KrF 
cxcimer  laser  (248nm)  with  pulsewidth  of  45ns  operating  on  5  Hz.  repitition 
rate  was  used  for  deposition  of  refractory  metal  thin  films  using  varying  laser 
flucncc  of  4J/cm-  to  lSJ/cm^.  Most  of  the  radiative  species  seen  in  plasma 
belongs  to  atomic  neutrals  and  ionic  species  such  as  Ti  I.  Ti  II,  Si  I.  Si  ll  and  N 
II  Emission  spectra  was  mostly  dominated  by  neutral  and  ionic  emission  from 
Titanium  (Ti  I  and  Ti  It). 


INTRODUCTION 


Pulsed  laser  evaporation  (PLE)  has  emerged  as  the  dominant  technique 
for  growth  of  stoichiometric  thin  films  because  it  has  produced  high  Tc 
superconducting  thin  films  of  belter  quality  than  those  obtained  by  all  other 
deposition  technique  [1,21.  In  the  last  few  years,  PLE  has  been  used, 

increasingly,  for  the  deposition  of  compound  thin  films  such  as  TiN,  TiSio. 

CoSi2,  BaTi03,  PbTi03  etc.  13.4|.  Lately  much  of  efforts  in  our  group  has  been 
devoted  to  the  growth  of  TiN.  TiSi2.  CoSi2  thin  films.  In  ULSI  processing, 
silieidcs  arc  increasingly  being  used  for  S/D  contact  metallization  and  local 
interconnects  for  polysilicon  gale  wiih  TiN  acting  as  a  diffusion  barrier.  PLE 
has  ihe  aevantage  of  producing  silieidcs  [4j  and  TiN  films  with  a  very  sharp 
interface  [3],  which  is  essential  for  low  junction  leakage  of  submicron  MOSFET 
The  deposition  mechanism  involved  in  PLE  is  not  very  well  understood. 
Most  of  ihe  experimental  and  theoretical  research  by  groups  working  in  this 
field  has  been  devoted  to  understand  the  mechanism  involved  in  YBCQ  high  Tc 
superconducting  thin  film  growth  [5.6, 7).  In  PLE,  the  physical  processes  of 

thin  film  deposition  can  be  divided  into  three  regimes:  1)  interaction  of  laser 
beam  with  bulk  target,  2)  initial  isothermal  expansion,  and  3)  adiabatic 

expansion  of  HT-HP  plasma  leading  to  the  thin  film  deposition  [5],  It  has  been 
now  known  that  the  YBCO  and  PrBCO  plasmas  consists  of  two  components  :  I) 
neutral  and  ionic  atomic  beams  with  a  high  velocity  component,  and  2)  a  low 
velocity  component  involving  molecular  species  (6[.  This  has  been 
independently  confirmed  by  optical  emission  spectroscopy  [6|  and  quadropole 
mass  spectroscopy  ( 8 f .  We  have  studied  Ihe  optica!  emission  from  laser 
produced  plasma  of  Ti.  TiN  and  TiSi2  during  thin  film  growth  to  understand  the 
nature  of  growth  by  PLE  and  of  the  species  present  in  these  plasmas.  It  will  be 
of  practical  importance  to  be  able  to  relate  the  quality  of  thin  film  growth 

with  the  species  present  and  with  the  complex  transport  processes  invol-ed  in 
plasma  plume. 
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EXPERIMENT  AL 

FIBER  OPTIC  CABLE 


Figure  J.  Schematic  diagram  for  pulsed  laser  deposition  and  optical  emission  spectroscopy 
setup. 


A  schematic  diagram  of  the  experimental  setup  is  shown  in  fig,l  We 
have  used  bulk  pellets  of  Ti,  TiN  and  TiSt 2  as  targets  for  pulsed  laser 
evaporation  The  optical  emission  was  taken  in  the  range  of  200  to  900nm 
using  an  intensified  diode  array  based  optical  multichannel  analyzer  (OMA).  A 
lambda  physik  cxcimcr  laser  operating  on  248nm  (KrF)  wavelength  with  45ns 
pulscw’idth  was  used  for  generation  of  plasma  plume  from  the  target  Prior  to 
deposition  of  thin  film,  the  UHV  chamber  was  evacuated  to  a  base  pressure  of  2 
x  10-7  Torr.  During  the  deposition,  substrate  temperature  was  kept  at  600  *C 
We  have  used  laser  flucnce  of  and  a  rendition  rate  of  5Hz  during  the 

deposition  of  thin  film.  Emission  from  the  plasma  plume  was  collected  normal 
to  its  forward  direction  ustng  a  liV  grade  fibre  optics  cable  with  aperture  of 
2.1,  connected  to  the  input  slit  of  the  monochromator.  The  OMA  and 
monochromator  setup  was  calibrated  using  mercury (Hg)  and  krypton(Kr) 
lamps. 


RESULTS  AND  DISCUSSION 


Optical  emission  spectra  from  Ti.  TiN  and  TiSii  plasma  arc  shown  in  the 
range  of  200  to  90f)nm  in  two  segements  in  Fig. 2.  Fig  L  and  Fig. 4.  respectively 
As  shown  in  Fig. 2a,  prominent  lines  in  the  emission  spectra  of  Ti  has  been 
assigned  10  atomic  neutral  and  ionic  species  such  as  Ti  I  and  Ti  11.  respectively. 
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Fig.  3.a.  Fig.  3.b. 


Figure  2.  and  Figure  3.  Emission  from  laser  ablation  plasma  during  thin  film  growth  of  Ti 
and  TiN,  respectively. 
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Individual  peaks  such  as,  at  307. 3nm  is  assigned  to  Ti  II  (306.62nm.  307.29nm, 
307.86nni,  308.80  nm).  peak  at  319.5nm  to  Ti  I  (318.64nm,  3l9.19nm)  and  Ti  II 
(3 19.08nm),  peak  at  323. 6nm  to  Ti  II  (323  45nm.  323.65nm,  323.90nm).  peak  at 
334. 7nm  to  Ti  I  <334.18nm)  and  Ti  II  (334.90nm.334.94nm).  peak  at  345. 4nm  to  Ti 
II  (344.43nm.  346.15nm).  peak  at  350.5nm  to  Ti  I  (3SO,66nm)  and  Ti  II 
(350.48nm,  35!.08nm),  peak  at  375. 3nm  to  Ti  1  (375.28nm,  375.36nm)  and  Ti  II 
(375.93nm,  376.13nm),  peak  at  390nm  to  Ti  I  (390.47nm)  and  Ti  II  (390.05nm), 
peak  at  402. 7nm  to  Ti  I  (402.45nm).  peak  at  417nm  to  Ti  I  (417. lnm)  and  Ti  II 
(417. 19nm).  peak  at  430.16nm  to  Ti  I  (429.5?nm,429  86nm.430.05nm. 430. 59nm). 
and  peak  at  454.52nm  to  Ti  I  (453.32nm,453.S5nm).  In  Fig. 2b.  prominent  peaks 
at  613. 8nm,  646. 3nm.  668. 2nm.  700. 4nm,  750. 7nm.  779nm.  and  at  859. 4nm  arc 
due  to  the  second  order  effect  in  the  monochromator.  The  above  emission  lines 
have  been  identified  using  standard  spectroscopic  tables  (91.  In  Fig. 3.  apart 
from  strong  Ti  emission.  possible  nitrogen  emission  peaks  has  been  identified 
at  399. 5nm  (N  II).  417. 6nm  (Nil)  and  44.7nm  (Nil).  Similarly,  in  Fig.4.  apart 
from  abundant  Ti  emission  peaks,  emission  due  atomic  silicon  neutrals  (Si  I) 
and  ionic  (Si  II)  species  has  been  assigned  to  peaks  at  334. 7nm  (Si  II).  385nm 
(Si  II).  391 .67nm  (Si  I),  417nm  (Si  II)  and  505nm  (Si  II). 

Emission  due  to  Ti  I  and  Ti  II  seems  to  dominate  plasma  emission  from 
both  TiN  and  TiS i2 ■  which  is  also  energetically  favorable.  It  should  be  noted 

Fig.  4.a.  Fig.  4.b. 


Figure  4.  Emission  from  laser  ablation  plasma  during  TiSi2  thin  film  growth. 


here  that  first  ionization  energy  for  Ti  (6.82  eV)  is  much  smaller  then  both  N 
(14.54  cV)  and  Si  (8.15  eV)  During  TiN  deposition,  weak  and  broad  molecular 
flurosccncc  centred  around  345nm  has  been  detected  as  shown  in  Fig3a.  which 
is  completely  absent  in  Ti  emission  spectra  shown  in  Fig. la.  A  bright  visible 
plasma  can  be  seen  during  Ti  and  TiN  deposition  even  at  lower  laser  flucncc 
(less  than  IOJ/cm2),  whereas  faint  visible  plasma  from  TiSij  can  be  only  seen 
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ai  laser  flucncc  of  lSJ/cm^  and  higher.  Emission  linewidths  for  Ti  and  TiN  can 
he  seen  to  be  narrower  than  TiSi2.  This  is  because  a  50  jam  slilwidlh  was  used 
for  Ti  and  TiN.  whereas  a  250  pm  slit  width  was  used  for  TiS  i2  -  Also,  there  is  a 
considerable  amount  of  spectral  overlap  due  to  Si  emission  lines.  Although 
radiative  emission  due  to  Ti  is  dominant  in  the  ease  of  both  TiN  and  TiS>2 
plasma,  RBS  compositional  analysis  of  deposited  thin  films  have  shown  the 
ratio  of  atomic  concentrations  of  nitrogen  to  titanium  is  1  at  substrate 
temperatures  above  400  *C  and  the  ratio  of  atomic  concentrations  of  silicon  lo 
titanium  is  2  [3.4],  Measured  resistivities  arc  on  the  order  of  150  pohm-cm  for 
TiN  films  and  18  pohm-cm  for  TiSij  films  (3.4).  In  PLE  deposition  of  Ti.  TiN  and 
Ti S i 2  thin  films,  arrival  of  high  energy  atomic  beams  of  Ti.  N  and  Si  at  the 
substrate  is  the  dominant  contributor  to  growth.  Presence  of  molecular 
compounds  such  as  TiN  and  TiS«2  were  not  found  in  the  plasmas.  We  arc  unable 
to  detect  any  molecular  emissions  due  to  compounds  such  as  TiN  and  TiSi2-  For 
PrSCO  plasma  .  an  abundance  of  P^Oj  in  the  plasma  was  supported  by  the 
presence  of  strong  PrjOj  molecular  flurosccncc  (6). 

The  reason  for  lack  of  molecules  such  as  TiN  and  TiSi2  in  plasma  may  be 
due  to  the  use  of  much  higher  laser  fiuencc  of  15  J/cm^.  For  PrBCO  plasma,  a 
much  smaller  laser  flucncc  of  1.5  J/cm^  was  used.  Also,  formation  of  PrnO}  is 
much  more  energetically  favorable  than  formation  of  TiN  and  TiSi2  (  standard 
heat  of  formation  of  PrjOj,  TiN  and  TiSi2  are  -444.5  Kca!/g-mole,  -73  kcal/g- 
mo'.w  and  -32  Kcal/g-mo!c.  respectively,  <§>  300  K  (9).).  The  emission  linewidths 
of  neutral  and  ionic  species  of  Ti  and  TiN  plasma  are  almost  same,  which  arc 
broadened  due  to  stark  broadening  seen  in  high  density  (-10^*  cm-3)  laser 
plasma.  It  can  be  presumed  that  the  temperature  of  plasma  is  about  -  10.000 
Kelvin,  which  has  been  measured  for  similar  laser  induced  plasma  using 
similar  energy  density.  We  were  unable  to  mesaure  the  plasma  temperature 
using  local  thermal  equilibrium  approximation  110)  as  our  emission  spectra 
arc  iturcgralcd  spatially  between  target  and  substrate. 


CONCLUSIONS 


We  have  presented  emission  spectra  of  Ti,  TiN  and  TiSio  plasma  during 
growth  of  thin  film  by  pulsed  laser  evaporation.  Arrival  of  high  energy 
elemental  atomic  beams  at  the  substrate  have  been  found  to  play  the  most 
important  role  during  the  growth  of  TiN  and  TiSi2  thin  films.  Emission  due  to  Ti 
neutral  and  ionic  species  seems  to  dominate  emission  spectra  of  Ti.  TiN  and 
Ti S  i 2  plasma.  RBS  compositional  analysis  showed  stoichiometric  growth  of  TiN 
and  TiSi2 .  even  if  emission  due  to  nitrogen  and  silicon  ions  arc  very  weak. 
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ABSTRACT 

The  coadsorption  and  reaction  of  diborane  with  ammonia  and  with 
hydrazine  on  Ru(0001)  have  been  studied  using  X-ray  photoelectron  spectroscopy 
(XPS)  and  thermal  desorption  mass  spectroscopy  (TDS).  Diborane  is  found  to 
decompose  to  atomic  boron  and  hydrogen  upon  adsorption  at  T>200K. 

Multilayers  of  diborane  and  ammonia,  deposited  at  90K.  on  Ru(0001),  react  when 
annealed  to  600K.  'The  XPS  results  indicate  that  boron-nitrogen  adlayers  can  be 
formed  by  this  reaction.  These  boron-nitrogen  films  are  boron-rich  and  decompose 
at  temperatures  higher  than  1 100K.  Our  TDS  studies  reveal  that  hydrazine 
decomposes  extensively  to  NH3,  N2,  N  and  H  on  Ru(0001).  Due  to  its  higher 
reactivity,  boron-nitrogen  films  of  B/N  stoichiometric  ratio  near  unity  are  obtained 
when  hydrazine  is  used  rather  than  ammonia.  In  our  studies,  these  films  were 
formed  by  either  simultaneously  dosing  B2H6  and  N2H4  at  450K  or  by  coadsorption 
of  the  reactants  at  90K  and  subsequent  annealing  to  450K.  These  studies  have 
shown  that  diborane  and  hydrazine  can  be  successfully  used  as  molecular 
precursors  in  the  low  temperature  deposition  of  boron  nitride  thin-films. 


INTRODUCTION 

Boron  nitride  thin  films  have  found  widespread  industrial  applications 
because  of  its  unique  combination  of  chemical  and  physical  properties.  This 
material  has  low  density,  good  thermal  conductivity,  excellent  chemical  inertness 
and  electrical  resistivity.  Thin  films  of  boron  nitride  have  been  employed  as 
dielectrics  in  the  electronic  device  technology  and  as  hardness  coatings  for  machine 
tools  (1,2],  Boron  nitride  thin  films  are  commonly  produced  by  pyrolysis  or  by 
plasma  decomposition  of  mixtures  of  boron  halides  or  hydrides  with  nitrogen  or 
ammonia  [3,4], 

In  this  present  work,  we  study  the  interactions  of  diborane  with  ammonia 
and  also  with  hydrazine  on  Ru(0001)  surface  using  thermal  desorption  mass 
spectroscopy  (TDS)  and  X-ray  photoelectron  spectroscopy  (XPS).  Diborane  and 
ammonia  are  used  as  volatile  chemical  precursors  to  BN  thin  films  prepared  in 
most  thermal  and  plasma-enhanced  chemical  vapor  depositions  (CVD  and  PE- 
CVD)  [5,6).  However,  to  our  knowledge,  no  CVD  or  PE-CVD  system  has  been 
reported  that  utilize  diborane  and  hydrazine  as  reactants. 


Mat  Res.  Soc.  Symp.  Proc.  Vol.  250,  «  1992  Materials  Research  Society 


INTENSITY 


132 


EXPERIMENTAL 

The  experiments  were  carried  out  in  an  apparatus  described  in  reference 
[7],  This  apparatus  consists  of  a  ultra  high  vacuum  chamber  (ultimate  pressure  < 
SxlO10  torr)  equipped  with  a  hemispherical  electron  analyzer  for  XPS  and  Auger 
spectroscopy,  LEED  screen  and  a  quadrupole  mass-spectrometer  for  thermal 
desorption  mass  spectroscopy.  The  Ru(0001)  sample  was  spot-welded  to  a 
manipulator  which  was  capable  of  resistive  heating  to  1500K  and  electron-beam 
heating  up  to  2400K.  The  sample  can  also  be  transferred  to  an  attached  high 
pressure  reaction  cell.  All  XPS  spectra  presented  were  recorded  with  Al  Ka 
radiation.  All  XPS  and  Auger  detections  were  normal  the  sample  surface.  The 
sample  temperature  was  monitored  using  a  W-5%Re/W-26%Re  thermocouple 
which  was  spot-welded  to  the  back  side  of  the  sample.  The  Ru(0001)  crystal  was 
cleaned  using  the  procedure  reported  in  the  literature  [8].  C,  N  and  B  were 
removed  from  the  surface  by  heating  in  5x10"®  torr  of  O,  at  1100K  for  5  minutes, 
followed  by  electron  beam  heating  to  1650K.  This  procedure  was  applied  until  the 
impurities  were  below  the  detection  limit  of  our  XPS  and  Auger  spectrometer. 


RESULT  AND  DISCUSSION 
Diborane  Adsorption  on  Rut 000 11 

The  thermal  desorption  spectra  of  figures  1,2  and  3  describe  the  adsorption 
and  decomposition  of  diborane  on  Ru(0001).  As  can  be  seen  in  figure  1 
(m/e =27),  very  low  diborane  exposures  did  not  lead  to  any  molecular  desorption 
until  1  Langmuir  was  reached.  The  features  seen  in  the  range  250  to  400K  can  be 
assigned  to  monolayer  desorption  which  saturates  at  2  Langmuirs.  At  larger 
exposures,  a  physisorbed  state  was  observed  to  grow  at  150K.  Below  2  L,  the  H,- 
TDS  spectra  of  figure  2  display  a  feature  around  380K,  similar  to  that  of  hydrogen 
desorption  from  clean  Ru(0001)  (9J.  This  feature  likely  originates  from  the 
associative  desorption  of  adsorbed  atomic  hydrogen  (2  Ha  -  H2  )  rather  than  from 
B-H  bond  scission.  At  larger  exposures,  these  spectra  closely  follow  those  of 
molecular  diborane  TDS  and  hence  likely  result  from  the  cracking  of  diborane  in 
the  mass  spectrometer. 


Figures  1.  2  and  3  Thermal  desorption  spectra  of  diborane  following  exposures  at  100  K. 
(H2-TDS  is  with  m/e=2;  BjH6  with  m/e— 27;  B  with  m/e=i  1) 
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The  decomposition  of  diborane  deposited  atomic  boron  on  the  Ru(OOOl). 
After  exposure  of  diborane  at  90K,  and  subsequent  annealing  to  450K,  atomic 
boron  was  the  only  species  on  the  surface.  As  shown  by  the  B-TDS  spectra  of 
figure  3,  no  boron  desorption  was  seen  for  exposures  less  than  0.5  L.  At  larger 
exposures,  boron  desorbed  partially,  consistently  leaving  about  0.2  ML  on  the 
surface  after  heating  to  1500K.  The  top  curve  for  a  saturation  coverage  of  boron 
(1.1  ML)  was  obtained  only  by  dosing  diborane  at  temperatures  higher  than  450K. 


Diborane  and  Ammonia  Adsorption  on  Rut 000 11 

Shown  in  figure  4  are  thermal  desorption  spectra  taken  in  one  of  our 
diborane  and  ammonia  coadsorption  experiments.  We  have  found  from  the  above 
studies  that  diborane  decomposed  very  readily  on  Ru(0001)  surface  at  very  low 
temperatures.  To  minimize  this  reaction  channel  which  competes  with  the  surface 
reaction  between  diborane  and  ammonia,  we  covered  the  Ru(0001)  surface  with 
ammonia  at  90K  prior  to  diborane  exposures. 

In  the  experiment  shown  in  figure  4,  we  dosed  2  ML  of  ammonia  to  the 
Ru(0001),  followed  by  1.5  ML  of  diborane,  at  90K.  The  NHj-TDS  shows  a  new 
feature  at  450K  which  has  not  been  seen  for  ammonia  on  clean  Ru(OOOl).  The 
desorption  states  below  450K  are  similar  to  those  seen  for  ammonia  desorption 
from  dean  Ru(0001):  multilayer  at  1 10K,  second  layer  at  135K  and  monolayer  at 
285K  [10].  In  addition,  the  H2-TDS  shows  a  new  feature  near  500K  which 
coincides  with  a  N2  desorption.  This  N2  TDS  is  similar  to  the  recombinative 
desorption  of  atomic  nitrogen  from  clean  Ru(0001)  [11],  This  simultaneous 
desorption  of  H2  and  N2  is  strong  evidence  for  the  decomposition  of  a  NH„  species 
on  the  surface.  Since  ammonia  adsorbs  molecularly  on  Ru(0001),  these  spectra 
suggest  a  direct  reaction  between  ammonia  and  diborane. 


Figure  4  Thermal  desorption  spectra  following  Figure  5  B(ls)  and  N(ls)  XPS 
diborane  coadsorption  with  ammonia  at  100  K.  The  spectra  of  1.5  ML  diborane  with  3 
sample  was  pre-covered  with  2  ML  of  ammonia,  ML  of  ammonia  precoverage, 
then  1.5  ML  of  diborane  was  added. 
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Repeating  this  experiment  and  using  XPS,  we  obtained  the  spectra  of  figure 
5.  The  B(ls)  and  N(ls)  spectra  (a)  indicate  no  reaction  at  90K.  Heating  to  200K 
leads  to  desorption  of  the  physisorbed  ammonia  and  diborane.  The  B(ls) 
spectrum  shows  a  new  feature  (less  than  187  eV),  lower  than  chemisorbed 
diborane.  On  the  other  hand,  the  corresponding  N(ls)  spectrum  shows  a  feature  at 
higher  binding  energy  (401.5  eV).  These  shifts  suggest  the  formation  of  an  amino- 
borane  adduct  on  the  surface  at  this  temperature.  Further  heating  lead  to  an 
boron-nitrogen  adlayer  (0B=O.38  ML,  0N=O.22  ML)  which  is  stable  at 
temperatures  up  to  HOOK.  The  B(ls)  and  N(ls)  binding  energies,  189.4  eV  and 
399.0  eV  respectively,  are  close  to  those  reported  for  boron-rich  boron  nitride  thin 
films  [1]. 


Hydrazine  Adsorption 

Hydrazine  adsorption  and  decomposition  on  Ru(0001)  is  shown  in  the 
thermal  desorption  spectra  of  figure  6.  Our  results  show  that  hydrazine 
decomposes  into  ammonia,  hydrogen  and  nitrogen.  Ammonia  and  hydrazine  are 
the  only  nitrogen-hydrogen  compounds  seen  desorbing  from  the  substrate.  Other 
nitrogen-hydrogen  species  were  found  to  result  from  the  cracking  of  N2H4  and  NH3 
in  the  mass  spectrometer. 

The  H,-TDS  of  figure  6  show  peaks  at  185,  320  and  425K.  The  peak  at 
185K  appears  simultaneously  with  the  N2H4  desorption  and  is  probably  a  result  of 
the  cracking  of  hydrazine  in  the  spectrometer.  The  peaks  appearing  between  200 
and  450K  are  from  the  decomposition  of  chemisorbed  hydrazine.  The  peak  at 
320K  is  probably  from  the  associative  desorption  of  hydrogen  atoms  since  it  is  very 
similar  to  H,  desorption  from  hydrogen  adatoms  on  Ru(0001)  (9].  On  the  other 
hand,  the  peak  at  425K  is  rate-limited  by  the  scission  of  N-H  bonds  in  a  NH, 


Figure  6  Thermal  desorption  spectra 
for  multilayers  of  hydrazine  dosed  at 
90  K. 


Figure  7  N(ls)  XPS  for  5  ML  of 
hydrazine  dosed  at  90  K,  and  at 
indicated  annealing  temperatures. 
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The  NHj  desorption  peak  at  225K  was  accompanied  by  simultaneous 
desorption  of  N2.  Since  ammonia  desorption  from  Ru(0001)  does  not  have  a  sharp 
feature  at  225K  [11],  molecularly  adsorbed  nitrogen  desorbs  below  130K  [12)  and 
adsorbed  nitrogen  atoms  recombine  and  desorb  at  temperatures  from  500K  to 
800K  (see  below),  we  attribute  these  N2  and  NH3  features  at  225K  to  a  nitrogen- 
hydrogen  adspecies  (NHJ.  This  NH,  species  decomposes  at  this  temperature  to 
produce  N2  and  NH3  which  desorb  from  the  surface.  Other  NH3  peaks  (at  190K 
and  285K)  are  consistent  with  TDS  results  reported  in  the  literature.  In  figure  7, 
we  show  the  N(ls)  XPS  of  5  ML  of  hydrazine  on  Ru(0001)  at  90K  which  is 
centered  at  401.4  eV.  At  200K,  the  hydrazine  multilayer  desorbs  and  the 
chemisorbed  species  gives  a  spectrum  with  two  overlapping  peaks.  The  higher 
binding  energy  (400. 1  eV)  component  corresponds  very  closely  to  our  observed 
spectrum  for  chemisorbed  ammonia  on  Ru(0001).  The  lower  component,  centered 
at  399  eV,  probably  belong  to  partially  decomposed  hydrazine.  At  350K,  the  N(ls) 
peak  is  at  397.9  eV,  similar  to  the  value  reported  for  an  NH  (imide)  species  on 
metal  surfaces  [12].  At  450K,  only  atomic  nitrogen  whose  N(ls)  core-level  is  at 
397.2  eV,  remains  on  the  surface. 


Diborane  and  Hydrazine  Adsorption  on  RufQQQi) 


In  figure  8,  we  show  B(ls)  and  N(ls)  XPS  spectra  taken  after  coadsorbing 
multilayers  of  B2H6  and  N2H„  at  90K.  1.5  ML  hydrazine  were  first  dosed  on 
Ru(0001),  followed  by  1.5  ML  of  diborane,  1.5  ML  of  hydrazine  and  finally 
another  1.5  ML  of  diborane.  At  90K,  the  peak  positions  correspond  to  values  of 
multilayers  of  hydrazine  and  diborane.  After  the  desorption  of  the  multilayers  at 
200 K,  N(ls)  feature  has  a  component  at  higher  binding  energy  than  seen  for 
physisorbed  and  chemisorbed  N2H4.  The  B{Is)  spectrum  also  differs  from  that  of 
chemisorbed  diborane.  This  suggests  that  there  is  a  reaction  between  hydrazine 
and  diborane.  Further  heating  to  1100K  centers  the  B(ls)  peak  at  190.5  eV  and 
the  N(ls)  peak  at  398.6  eV.  These  peak  locations  are  very  near  to  values  reported 
for  boron  nitride  [13].  The  overlayer  was  found  to  compose  of  0.96  ML  of  B  and 
0.92  ML  of  N. 


Figure  8  B<ls)  and  N(ls)  XPS 
spectra  for  diborane  coadsorbed  with 
hydrazine  at  90  K. 


BINDING  ENERGY,  eV 

Figure  9  B(ls)  and  N(ls)  XPS 
spectra  for  diborane  reacting  with 
hydrazine  at  450  K. 
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In  a  different  set  of  experiments  in  which  diborane  and  hydrazine  were 
doscu  siniu!tar.cc;:s!y  at  150K,  bor^n-rntrogen  adlavers  were  produced  with  B/N 
ratios  varying  from  0.6  to  1.8.  Figure  9  shows  the  N(Is)  and  B(  Is)  spectra  taken  in 
these  experiments.  At  450K,  the  film  showed  a  composition  of  0.87  ML  of  B  and 
1.36  ML  of  N.  At  HOOK,  the  excess  in  nitrogen  is  removed  and  the  composition  is 
0.84  ML  of  B  and  0.81  of  N.  Further  heating  to  1300K.  led  to  an  adlayer  with 
0B=O.6l  ML  and  0N=O.59  ML. 

CONCLUSION 

We  have  found  that  diborane  decomposes  very  readily  on  Ru(0001).  When 
coadsorbed  with  ammonia  on  Ru(0001)  surface,  diborane  reacts  to  form  a  boron- 
nitrogen  adlayer  which  is  boron-rich  likely  due  to  the  stability  of  ammonia.  It  was 
also  necessary  to  pre-cover  the  Ru(0001)  surface  with  ammonia  prior  to  the 
diborane  exposure,  in  order  to  minimize  diborane  decomposition  on  the  surface. 

Near  Stoichiometric  boron-nitrogen  films  were  formed  on  Ru(0001)  when 
hydrazine  was  reacted  with  diborane  likely  due  to  the  higher  reactivity  of 
hydrazine. 
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ABSTRACT 

A  novel  near-room  temperature  CVD  process  has  been  developed  using  H-atoms 
reaction  with  WF(,  to  produce  tungsten  and  tungsten  oxide  films.  The  chemical,  physical  and 
electrical  properties  of  these  films  were  studied.  Good  adhesion  and  low  resistivity  of  W  films 
were  measured.  Conformal  WO3  films  were  obtained  on  columnar  tungsten  using  a  small 
amount  of  molecular  oxygen  in  the  gas  stream.  A  reaction  mechanism  was  evaluated  on  the 
basis  of  experimental  results.  The  advantages  of  the  method  include  deposition  of  adherent 
films  in  a  plasma-free  environment,  near-room  temperature,  with  a  low  level  of  impurity. 


INTRODUCTION 

The  development  of  chemical  vapor  deposition  (CVD)  has  recently  progressed  10 
point  where  low-temperature  preparation  of  a  wide  variety  of  materials  must  be  considered 
necessary.  As  microelectronic  technology  advances  with  device  features  in  the  submicron 
range,  new  metallization  materials  and  processes  are  needed.  For  ultra  large-scale  integration 
(ULSI)  metallization  applications,  these  materials  must  have  low  resistivity,  low  contact 
resistance,  high  electromigration  resistance,  good  adherence  and  step  coverage  and 
conformality.  In  order  to  satisfy  these  requirements,  the  refractory  metals  (tungsten  in 
particular)  as  well  as  their  disilicides  are  of  interest  [1-5).  Deposition  of  tungsten  and  other 
materials  at  relatively  high  temperature  could  result  in  undesirable  diffusion  and  redistribution 
of  materials  to  unwanted  areas.  Hence,  there  is  a  need  for  low-temperature  deposition 
technology  for  ULSI  applications. 

In  the  present  investigation,  the  deposition  of  tungsten  and  tungsten  oxide  have  been 
studied  using  hydrogen  atom  reaction  with  tungsten  hexafluoride.  In  this  process,  atomic 
hydrogen  has  been  generated  and  reacted  with  tungsten  hexafluoride  to  deposit  W  and  WO3 
films  at  near-room  temperature.  The  conventional  W  deposition  process  has  used  molecular 
hydrogen  to  react  with  WF6  in  the  temperature  range  of  300-600  °C.  The  objective  of  this 
research  was  to  investigate  the  gas  phase  reaction  between  H-atom  and  WF6  and  characterize 
the  deposited  films  in  order  to  optimize  the  deposition  conditions.  Atomic  absorption 
spectroscopy  was  used  for  the  in-situ  measurement  of  W-atoms  during  deposition  and  results 
of  these  measurements  provided  a  basis  for  the  reaction  mechanisms. 
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EXPERIMENTAL  PROCEDURE 

Tungsten  and  tungsten  oxide  thin  films  were  prepared  in  a  horizontal  atom-assisted 
CVD  system.  Apparatus  for  this  work  was  described  previously  [6j.  The  pressure  of  the 
deposition  was  typically  in  the  range  of  0.01  to  1.0  mm  Hg.  Hydrogen  atoms  (10-20%)  were 
produced  upstream  of  the  deposition  chamber  in  a  U-shaped  discharge  tube  which  operated  at 
400-500  watts  and  up  to  6000  volts  A.C.  The  concentration  of  hydrogen  atoms  was  indicated 
by  a  thermistor  placed  in  the  middle  of  the  deposition  chamber.  Since  the  resistance  of  the 
thermistor  decreases  with  increasing  temperature,  the  heat  of  recombination  of  H-atoms  on  the 
thermistor  could  be  readily  used  as  a  semi-quantitative  monitor  for  H  atom  concentrations. 

The  process  gases  used  were:  tungsten  hexafluoride  (99%);  hydrogen  (99.99%);  and 
argon  (99.99%).  Tungsten  hexafluoride  (2-10%)  was  diluted  in  argon  and  the  mixture  was  fed 
into  the  reactor  at  0.04-0.4  cmtys.  Pure  hydrogen,  or  hydrogen  mixed  with  argon  was  fed  into 
the  discharge  tube  at  0.5-2.5  cm3/s.  For  WO3  deposition,  oxygen  was  applied  to  the  mixture 
using  a  few  percent  air  and  deposition  continued  on  a  previously  deposited  W  film.  Films  of 
tungsten  were  deposited  onto  single-crystal  silicon,  TiN/Si,  SiC>2,  glass  and  Teflon  substrates. 
These  substrates  were  in  the  size  of  4- 10  cm2.  Substrates  were  cleaned  by  the  standard  "RCA" 
cleaning  procedure  f6j.  The  system  was  evacuated  to  a  base  pressure  of  10"6  mm  Hg  and  the 
substrates  were  then  given  a  few  minutes  exposure  to  the  hydrogen  atoms  for  further  cleaning. 

The  film  thickness  was  determined  by  Dektak  profilometry,  scanning  electron 
microscopy  (SEM)  cross  section  pictures  and  Rutherford  backscattering  spectroscopy  (RBS). 
Surface  morphology  was  inspected  by  SEM.  Chemical  composition  of  these  deposited  films 
was  examined  using  an  Auger  electron  spectrometer  (Perkin-EImer  PHI  545C)  and  RBS. 
Particle  induced  X-ray  emission  (P1XE)  was  also  used  to  determine  the  composition  of  W 
films  by  RBS.  Tungsten  oxide  film  was  examined  by  electron  spectroscopy  for  chemical 
analysis  (ESCA)  using  a  Surface  Science  SSX-100  small  spot  ESCA  spectrometer.  An  X-ray 
diffractomer  (Philips,  model  160-143-00)  was  used  for  X-ray  diffraction  (XRD)  studies. 
Sheet  resistance  measurements  were  carried  out  using  a  four-point  probe  (Veeco,  FPP-100)  at 
room  temperature. 

Atomic  absorption  was  used  to  measure  tungsten  atoms  in-situ  in  the  deposition 
system.  A  monochromator  consisting  of  a  photomultiplier  and  a  RCA  (1P28A)  photomultiplier 
tube  was  used  for  measuring  W-atoms  at  the  resonance  line  at  354.52  nni.  A  tungsten  hollow 
cathode  lamp  (Fisher,  type  14-386-107)  emitted  light  which  passed  through  the  reactor  and 
was  focussed  on  the  monochromator. 


RESULTS 

The  average  deposition  rate  for  W  deposition  was  1 80-240  A/min.  SEM  micrographs 
of  these  W  films  showed  a  uniform  and  fine-grained  surface.  The  SEM  cross-section  of  these 
films  illustrated  that  columnar-like  W  films  adhered  well  to  the  substrate  with  no  indication  of 
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porosity.  SEM  micrograph  of  the  WO3  films  revealed  a  continuous,  conformal  blanket  like 
coverage  with  no  observed  crystalline  structure. 

XRD  patterns  showed  that  the  W  films  were  crystalline.  Tungsten  films  deposited  at 
low  pressure  (0.035-0.5  mm  Hg  with  or  without  argon  as  a  dilute  gas)  were  normally  present 
in  the  a  structure  shown  in  Figure  1.  For  those  tungsten  films  deposited  at  higher  pressure 
( ca ..  1.0  mm  Hg  with  argon  50%  as  a  dilutant),  XRD  patterns  indicated  mixed  a  and  p  phases 
(see  Figure  2). 


Figure  1.  XRD  Patterns  of  W  deposited  Figure  2.  XRD  Patterns  of  W  deposited 

at  low  pressure  (0.035  mm  Hg).  at  low  pressure  (1.0  mm  Hg). 

Auger  electron  spectroscopy  depth  profiling  of  a  number  of  deposited  W  films  showed 
that  these  fdms  were  almost  pure  tungsten  in  bulk  form  with  just  traces  of  carbon  and  oxygen. 
A  typical  AES  spectrum  is  shown  in  Figure  3.  The  surface  of  the  films  contained  an 
appreciable  amount  of  oxygen  indicative  of  a  surface  oxide  by  AES  depth  profile 
measurements.  The  RBS  spectra  of  several  samples  were  studied  and  results  of  these  samples 
gave  no  indication  that  tungsten  diffused  into  silicon  or  silicon  diffused  into  the  tungsten  film. 
Particle  induced  X-ray  emission  (P1XE)  was  also  used  for  analyses  of  the  deposited  W  films  as 
pan  of  RBS  experiments.  Figure  4  shows  a  typical  P1XE  spectrum  of  deposited  tungsten  film 
on  a  silicon  wafer.  The  real  and  simulation  overlay  spectra  indicated  both  W  and  Si 
characteristic  peaks  were  present  in  the  spectrum.  WO3  layer  (ca.  2500  A)  on  tungsten  was 
examined  by  ESCA  and  the  analysis  corresponded  to  a  stoichiometric  atom  ratio  of  tungsten  to 
oxygen  of  1:3. 

The  resistivity  obtained  from  these  tungsten  films  is  in  the  range  of  9-33  pD  cm.  For 
W  film  thickness  greater  than  2000  A,  resistivity  was  approximately  7  pQ  cm,  which  is  close 
to  the  bulk  resistivity  (5.5  pfi  cm). 

Free  tungsten  atom  presented  in  the  gas  phase  reaction  region  above  the  substrate  were 
measured  by  atomic  absorption  spectroscopy.  Based  on  the  measurements,  the  concentration 
of  tungsten  atoms  was  approximately  10'0- 10'  VcmA 
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Electron  Energy  (eV) 

Figure  3.  AES  spectrum  of  tungsten  film  deposited  at  near-room  temperature. 


Figure  4.  PIXE  spectrum  of  tungsten  deposited  on  silicon. 


DISCUSSION  AND  CONCLUSION 

Tungsten  and  tungsten  oxide  films  have  been  deposited  on  various  substrates  including 
Teflon  at  near-room  temperature.  These  reactions  were  taken  place  in  a  plasma-free 
environment. 

The  chemistry  of  the  conventional  CVD  of  W  films  may  be  summarized  by  the  overall 
reaction: 

WF<;  +  3  H2 . >  W(g)  +  6  HF 

AH  =  +  225.7  Kcal/mol. 

Using  the  thermodynamic  data  17,8],  shown  in  Table  1,  the  enthalpy  of  this  reaction 
was  calculated  to  be  endothermic. 
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Tabic  1.  Thermodynamic  Data  Related  to  \V  Formation 


Fnthalpics  All)  ^(kcal/mol! 
W-F6(g)  -411.5 

H-F(g)  -64.8 

W(p)  203 

»(g) 

Bond  Strength  (kcal/mol) 
WF5-F  13l±15 

W-F(averagc)  121 

H-F  135.3 

F-F  37.8 

H-H  104 


In  the  process  reported  here,  the  tungsten  hexafluoride  is  reduced  with  H-atoms  and  the 
overall  reaction  can  be  written  as: 

WF6  +  611 - >  W(g)  +  6  HF 

AH0  =  86.9  Kcal/mol. 

Tlie  enthalpies  of  these  reactions  indicated  that  the  overall  H-atom  reaction  with  WF^  is 
an  exothermic  reaction,  while  that  for  the  molecular  hydrogen  reaction  is  endothermic. 

The  Gibbs  free  energy  for  these  reactions  can  also  be  calculated  with  the  AGC  data 
listed  in  the  JANAF  table  [91.  For  molecular  hydrogen  reduction: 

WF6  +  3  H2 . >  W(g)  +  6  HF 

at  298K,  AGr°  =  +  1  R9.63  Kcal/mol 
at  700K,  AGr0  =  +  144.19  Kcal/mol 

However,  the  atomic  hydrogen  reaction  in  the  gas  phase  gives: 

WF6  +  611 . >  W(g)  +  6  HF 

at  298 K,  AGr°  =  -101.88  Kcal/mol. 

From  these  calculations,  the  Gibbs  free  energy  is  aiso  favored  for  the  H-atom  reaction 
with  WF(j  at  near-room  temperature.  Notice  here,  the  individual  reaction  of  six  H-atoms 
occurring  should  be  considered  rather  than  the  overall  reaction.  However,  data  for  each 
reaction  are  limited  and  these  individual  calculations  can  not  be  made  at  this  time. 

Since  W-atoms  (I01()-t0i 1  /cm^)  were  measured  during  the  deposition  the  mechanism 
of  the  reaction  could  be  described  as  the  following: 

H  +  WF6 . >  WF5  +  HF 

H  +  VVFn  ---->  YVl-n-i  +  HF  (n=5,4,  3.  2) 

H  +  WF . >  W(g)  +  HF 

w(g)- . >w(s) 

All  of  these  reactions  were  estimated  to  he  exothermic. 
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The  primary  reaction  producing  the  tungsten  oxide  was  assumed  to  he  occurring  in  the 
gas  phase  according  to  the  equation: 

W  +  02  WO  +  O 

This  reaction  is  exothermic.  The  WO  could  then  be  oxidized  in  subsequent  steps  either  on  the 
surface  or  in  the  gas  phase,  or  both. 

The  advantages  of  the  method  reported  here  are  ( 1 )  deposition  takes  place  in  a  plasma- 
free  environment;  (2)  film  deposits  at  near-room  temperature;  and  (3)  a  low  level  of  impurities 
results  in  high-quality  adherent  films.  This  low-temperature  aiom-assisted  chemical  vapor 
deposition  (AACVD)  method  is  suggested  as  a  possible  alternative  to  prepare  materials,  where 
molecular  hydrogen  is  normally  used  as  a  reducing  agent  for  depositions  at  relatively  high 
temperatures.  This  method  of  producing  the  oxides  may  be  applicable  to  other  oxides  which 
are  of  interest  for  various  applications  in  integrated  circuit  manufacture. 
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ABSTRACT 

Sub-atmospheric  pressure  chemical  vapor  deposition  (CVD)  processes  have 
been  developed  to  produce  theoretically  dense,  highly  pure,  void-free  and  large 
area  bulk  materials,  SiC,  Si,  ZnSe,  ZnS  and  ZnS,Se,.,.  These  materials  are  used 
for  optical  elements,  such  as  mirrors,  lenses  and  windows,  over  a  wide  spectral 
range  from  the  vacuum  ultraviolet  (VUV)  to  the  infrared  (IR). 

In  this  paper  we  discuss  the  effect  of  CVD  process  conditions  on  the 
microstructure  and  properties  of  these  materials,  with  emphasis  on  optical 
performance.  In  addition,  we  discuss  the  effect  of  chemical  composition  on  the 
properties  of  the  composite  material  ZnS,  Se,_x. 

We  first  present  a  general  overview  of  the  bulk  CVD  process  and  the 
relationship  between  process  conditions,  such  as  temperature,  pressure,  reactant 
gas  concentration  and  growth  rate,  and  the  microstructure,  morphology  and 
properties  of  CVD-grown  materials.  Then  we  discuss  specific  results  for  CVD- 
grown  SiC,  Si,  ZnSe,  ZnS  and  ZnS.Se,.,, 


INTRODUCTION 

Chemical  vapor  deposition  (CVD)  is  a  well  known  process  to  produce 
theoretically  dense  crystalline  materials  for  a  variety  of  applications  [1-41).  This 
process  has  been  used  to  produce  metal  films  (W,  Al,  Mo,  Au,  Cu,  Pt)  for  protective 
coatings  [1-5];  ceramic  materials  (Al/),,  TiC,  SiC,  B4C,  TiB2,  HPC,  HfN)  used  for 
hard  or  diffusion  barrier  coatings  [6-11];  semiconductors  (GaAs,  GaP,  InP,  PbS,  Si) 
with  required  doping  [12-16];  refractory  oxides  (Zn02)  used  for  thermal  barrier 
[6,17];  films  (BN,  MoSi2,  SiC,  B4C)  for  protection  against  corrosion  [18-20]; 
powders  (Si,N4,  SiC)  used  to  fabricate  complicated  shaped  parts  by  sintering  or 
hot-pressing  [1];  materials  (Si,  GaAs,  HgCdTe,  CdZnTe)  for  solid  state  and  energy 
conversion  devices  [21-24];  fibers  (B,  B4C,  SiC)  used  to  fabricate  composite 
materials  [24];  transmissive  infrared  optical  materials  (ZnSe,  ZnS,  CdS,  CdTe, 
ZnS.Se,.,)  [25-31];  and  monolithic  ceramic  materials  (Si,N4,  SiC,  Si)  [32-41]. 

Five  major  types  of  products  have  been  made  via  CVD  technology.  These 
are  fibers,  thin  film  coatings,  powders,  monolithic  structures  and  composites. 
While  there  has  been  much  CVD  technology  development  and  understanding  for 
the  first  three  types  of  products,  less  attention  has  been  directed  toward 
monolithic  and  composite  materials.  However,  recently  there  has  been  a  growing 
interest  in  developing  CVD  technologies  to  produce  monolithic  optical  substrates 
and  structural  ceramic  composite  materials. 

The  CVD  process  is  capable  of  producing  theoretically  dense,  high  purity 
and  homogeneous  materials.  This,  combined  with  the  fact  that  the  process  is 
readily  scalable,  makes  it  attractive  for  producing  high  performance  optical 
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elements.  These  elements  must  be  fabricated  to  optical  tolerances,  be  capable  of 
polishing  to  high  surface  finish  (<  20  A  RMS)  and  exhibit  good  optical  homogeneity 
over  large  areas.  Other  technologies  to  fabricate  large  area  crystalline  materials 
such  as  sintering  and  hot-pressing  produce  less  homogeneous  materials  which  are 
not  theoretically  dense.  Although  single  crystal  technology  cam  produce  materials 
with  the  desired  properties,  this  technique  is  not  readily  scalable  to  large  areas, 
i.e.,  up  to  1-2  m  in  diauneter. 


GENERAL  DISCUSSION  OF  CONTROL  OF  MATERIAL  PROPERTIES 

Properties  of  CVD  materials  can  be  controlled  by  adjusting  process 
parameters  such  as  pressure,  reactant  concentrations,  flow  rates,  deposition 
geometry,  gas  temperature,  and  substrate  material  and  temperature.  The  most 
important  parameter  which  controls  the  properties  of  the  deposited  material  in  a 
CVD  reactor  is  the  deposition  temperature.  At  sufficiently  low  temperatures,  the 
deposition  is  kinetically  limited  and  shows  a  strong  dependence  on  the 
temperature  as  shown  in  Figure  1.  The  rate  determining  step  in  this  regime  may 
be  either  the  nucleation  or  the  decomposition  of  the  absorbed  reactant  species  on 
the  surface.  Relatively  uniform  thickness  profiles  are  obtained  in  the  kinetically 
limited  regime,  provided  the  gas  and  substrate  temperature  is  uniform  throughout 
the  deposition  zone  of  the  CVD  reactor.  Many  CVD  reactors  used  to  produce 
electronic  devices,  where  deposition  thickness  uniformity  is  important,  are 
operated  in  the  kinetically  limited  regime. 

When  high  growth  rates  are  more  important  than  thickness  uniformity,  the 
CVD  reactor  can  be  operated  in  the  mass  transport  limited  regime.  Here  the  rate 
determining  step  is  diffusion  or  transport  of  the  reactant  gases  to  the  substrate 
surface.  This  occurs  at  higher  temperatures  (see  Figure  1),  and  because  the  trans¬ 
port  phenomenon  is  relatively  independent  of  temperature  the  deposition  rate  does 
not  change  much  as  the  substrate  temperature  is  varied.  In  the  mass  transport 
limited  regime,  the  deposition  thickness  profile  depends  on  the  flow  pattern  of 
thereactant  gases.  Therefore,  it  is  important  to  understand  and  control  the  flow 
in  the  reactor  in  order  to  obtain  fairly  uniform  growth  over  large  areas. 
Monolithic  materials  are  usually  produced  in  CVD  reactors  operating  in  the  mass 


Figure  1.  Different  reaction  regimes  in  a  CVD  process  involving  an  exothermic 
(A  G  <  O)  reaction  to  produce  crystalline  materials. 
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limited  regime.  The  CVD  grown  materials  discussed  in  this  paper,  i.e.,  SiC,  Si, 
ZnSe,  ZnS  and  ZnS.Se,.,,  were  all  grown  in  hot-wall  CVD  reactors  operated  in  the 
mass  transport  limited  regime. 

At  high  temperatures  the  net  reaction  rate  decreases  as  a  function  of 
temperature  for  an  exothermic  reaction.  In  this  regime,  where  the  reaction  rate  is 
thermodynamically  limited  (see  Figure  1),  the  free  energy  of  the  reaction,  AG, 
increases  with  temperature,  i.e.,  becomes  less  negative,  reducing  the  driving  force 
of  the  reaction.  Epitaxial  or  single  crystal  growth  is  usually  performed  in  this' 
regime,  where  the  reactants  and  products  of  the  reaction  are  essentially  at  or  near 
equilibrium  (AG=0)  with  each  other.  For  endothermic  reactions  (AG  is  positive), 
the  net  reaction  rate  increases  with  temperature  in  the  thermodynamically  limited 
regime,  because  AG  decreases  with  temperature.  If  AG  becomes  very  negative,  a 
gas  phase  reaction  becomes  more  likely,  and  if  it  occurs,  produces  a  powder 
deposit  instead  of  a  crystalline  material.  At  very  high  temperatures,  AG  can 
become  positive  for  an  exothermic  reaction  and  instead  of  deposition,  etching  can 
occur. 

The  structure  of  the  deposited  material  can  be  controlled  by  varying  the 
substrate  temperature  and  reactant  gas  concentration  [1],  In  general,  for  an 
exothermic  reaction  (AG  is  negative),  as  the  temperature  increases,  the  structure 
of  the  deposited  material  changes  from  a  gas  phase  nucleation  powder,  to  fine 
grained  polycrystals,  to  dendrites,  to  epitaxial  growth.  The  dependence  on 
reactant  gas  concentration  is  the  opposite,  i.e.,  as  the  gas  concentration  increases, 
the  structure  changes  from  epitaxial  growth  to  gas  phase  nucleation  powder  at 
very  high  reactant  gas  concentrations.  Therefore,  the  two  most  important 
parameters  which  control  the  microstructure,  morphology  and  grain  size  of  the 
deposited  material  is  the  deposition  temperature  and  reactant  gas  concentration. 
For  bulk  CVD  materials,  a  fine-grained  polycrystalline  structure  is  generally 
preferred  because  good  material  uniformity  and  high  strength  is  obtained  with 
this  structure  at  a  relatively  high  deposition  rate.  High  strength  and  material 
property  homogeneity  are  especially  advantageous  for  optical  applications,  along 
with  good  polishability  which  is  obtained  on  theoretically  dense,  fine-grained 
materials. 

The  CVD  polycrystalline  structure  consists  of  columnar  grains  possessing 
some  degree  of  preferred  orientation.  This  preferred  orientation,  which  is  more 
prevalent  at  high  deposition  temperature  and  low  reactant  gas  concentrations, 
develops  even  though  the  substrate  surface  is  randomly  oriented.  Preferential 
growth  of  certain  crystallographic  planes  at  the  expense  of  less  favorably  oriented 
grains  occurs  during  deposition  [1].  Generally  speaking,  the  grains  become  more 
oriented  as  the  growth  thickness  increases.  Therefore,  in  most  CVD  materials  the 
growth  starts  randomly  and  becomes  more  oriented  with  time  (and  thickness). 
For  optical  applications  it  is  desirable  to  have  the  grains  randomly  oriented,  since 
this  produces  a  more  homogeneous  and  isotropic  material  at  a  macroscopic  scale. 
Although  completely  random  grain  orientation  is  not  easily  achieved  in  CVD 
processes,  one  can  choose  conditions  which  are  less  favorable  to  oriented  growth. 

Some  control  of  mechanical  properties  can  be  achieved  by  adjusting  the 
CVD  process  parameters.  The  fracture  toughness  and  strength  of  a  polycrystalline 
material  is  inversely  related  to  the  square  root  of  the  grain  size  [10,42]. 
Therefore,  to  produce  a  high  strength  material  one  must  adjust  the  CVD 
conditions  to  produce  a  fine-grained  material.  However,  there  is  some  minimum 
grain  size  where  the  fracture  toughness  and  strength  reach  a  maximum.  This 
maximum  point  varies  from  material  to  material.  However,  a  good  rule-of-thumb 
is  that  for  brittle  materials  this  maximum  occurs  at  an  average  grain  size  of  1-10 


jam.  For  example,  this  maximum  is  reported  to  occur  in  CVD-SiC  at  an  average 
grain  size  of  ->  3  pm  [10].  In  general,  as  the  deposition  temperature  decreases  or 
the  growth  rate  increases,  the  grain  size  decreases.  More  specifically,  fine-grained 
CVD  materials  are  produced  by  maximizing  the  parameter,  J/DN0,  where  J  is  the 
incoming  reactant  gas  flux  (atoms  cm1  s  '),  D  is  the  surface  diffusion  coefficient  of 
the  adsorbed  atoms  (cm  2  s  ')  and  N0  is  the  number  of  surface  sites  per  cm2  [32,43]. 

Most  crystalline  materials  have  more  than  one  stable  crystal  structure.  For 
example,  SiC,  ZnSe  and  ZnS  all  have  cubic  ((J)  and  hexagonal  (a)  crystal 
structures  which  are  stable  over  a  wide  temperature  range.  In  general,  either  or 
both  of  these  crystal  structures  can  be  present  in  the  CVD  grown  material.  For 
most  optical  applications,  it  is  desirable  to  produce  a  phase  pure  material  to 
minimize  stress,  reduce  property  inhomogenieties  and  provide  a  single  phase 
material  for  polishing.  Since  most  of  the  thermal  and  optical  properties,  such  as 
thermal  conductivity,  thermal  expansion,  thermal  stability,  refractive  index  and 
extinction  coefficient  are  isotropic  in  cubic  ((5)  crystals,  this  structure  is  preferred 
over  the  hexagonal  (a)  structure  in  optical  applications.  By  appropriate 
adjustment  of  the  CVD  process  parameter,  one  can  obtain  a  relatively  phase  pure 
(>  95%)  material. 

Properties  of  CVD  materials  can  also  be  controlled  by  incorporating 
appropriate  dopants  or  a  second  chemical  phase  in  the  material.  Dopants  or  a 
second  chemical  phase  are  usually  incorporated  by  adding  an  appropriate  amount 
of  a  volatile  compound  to  the  carrier  gas  stream  along  with  other  reagents.  Since 
the  deposition  occurs  on  a  molecular  scale,  layer  by  layer,  the  dopants  and/or 
second  phase  are  dispersed  uniformly  through  the  material  as  it  grows.  For 
example,  manganese  doped  layers  of  ZnS  and  ZnSe  have  been  produced  for 
applications  as  optoelectronic  devices  [44],  Also,  doping  of  ZnS  and  ZnSe  with 
excess  zinc,  indium  or  aluminum  has  been  proposed  as  a  technique  to  obtain 
conducting  layers  of  ZnS  or  ZnSe  [45,46].  When  a  second  dispersed  phase  is 
incorporated  in  CVD  materials,  the  resulting  composite  may  or  may  not  possess 
properties  which  fall  in  between  the  properties  of  the  two  phases.  Examples  of  the 
former  include  alloys  ZnSSe  [25,47]  and  CdZnTe  [22,481  and  those  of  the  latter 
include  composites  SiC-TiSi2  [49]  and  Si3N4-TiN  [50,51]. 

DISCUSSION  OF  SPECIFIC  PROCESS-PROPERTY  RELATIONSHIPS 

In  this  section  we  discuss  specific  process-property  relationships  for  bulk, 
monolithic,  CVD  grown  SiC,  Si,  ZnSe,  ZnS  and  ZnS^Se,  ,.  All  of  these  materials 
have  been  grown  using  a  low  pressure  CVD  process  in  hot-walled  CVD  reactors  at 
Morton  International  Inc./CVD  Incorporated  (MI/CVD).  These  CVD  production 
reactors  are  capable  of  producing  large  area,  i.e.,  up  to  »  5  m2,  bulk  material  up  to 
*  8  cm  thick  in  a  single  deposition.  These  materials  were  first  developed  in  small 
research  CVD  reactors  and  subsequently  scaled  to  large  production  reactors.  The 
primary  use  of  these  materials  commercially  has  been  as  optical  components  for 
applications  ranging  from  the  VUV  to  the  IR  regions  of  the  electromagnetic 
spectrum. 


CVD  Silicon  Carbide 

CVD-SiC  has  been  identified  as  a  leading  mirror  substrate  material  for  a 
wide  variety  of  optical  applications  because  of  its  properties,  which  include  high 
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thermal  conductivity,  high  stiffness,  low  CTE  and  excellent  polishability.  For 
many  applications,  it  is  important  to  know  the  temperature  dependence  of  the 
thermal  conductivity  over  a  wide  range  and  to  establish  the  relationship  between 


grain  size  and  thermal  conductivity.  i 

The  thermal  conductivity  of  electrical  insulators  and  semiconductors  is  t 

determined  by  two  main  factors,  the  harmonic  and  anharmonic  phonon-phonon  i 

interaction  and  the  scattering  of  the  phonons  by  the  crystal  boundaries.  The  ; 


phonon-phonon  interactions  dominate  at  high  temperature  and  the  scattering  of 
the  phonons  by  crystal  boundaries  dominates  at  low  temperature.  For 
polycrystalline  materials,  such  as  CVD-SiC,  the  thermal  conductivity  at  low 
temperatures  should  be  proportional  to  the  grain  size  of  the  individual  crystallites 
[52],  Recently,  we  have  experimentally  established  the  relationship  between  the 
grain  size  and  thermal  conductivity  of  CVD-SiC  [53].  This  was  done  by  first 
depositing  SiC  at  different  temperatures  in  a  CVD  process  involving  the  thermal 
pyrolysis  of  methyltrichlorosilane  in  excess  hydrogen  and  argon.  By  changing  the 
deposition  temperature  over  a  narrow  range  (1300-1350  C)  and  adjusting  the  CVD 
growth  parameters,  we  were  able  to  produce  material  with  varying  grain  size 
without  altering  the  crystal  structure  (cubic)  or  the  chemical  composition  of  the 
deposited  material. 

The  average  grain  size,  thermal  diffusivitv  and  heat  capacity  of  CVD-SiC 
produced  at  three  different  temperatures,  i.e.,  1300,  1325  and  1350  C,  were 
measured.  The  grain  size  measurements  were  made  from  micrographs  of  etched 
surfaces  of  the  material.  The  thermal  diffusivity  was  measured  at  the  University 
of  Dayton  Research  Institute  (UDRI)  by  the  flash  lamp  technique.  Heat  capacity 
data  were  obtained  by  differential  scanning  calorimetry  (DSC)  using  a  sapphire 
sample  as  the  reference. 

The  thermal  diffusivity  as  a  function  of  temperature  is  shown  in  Figure  2, 
along  with  the  average  grain  size,  d,  for  CVD-SiC  deposited  at  1300,  1325  and 
1350  C.  Notice  that  as  the  deposition  temperature  increases  the  grain  size 
increases  and  the  thermal  diffusivity  also  increases.  Using  the  data  from  Figure  2 
and  the  measured  heat  capacity  of  the  material  we  can  calculate  the  thermal 
conductivity,  which  is  the  product  of  the  density,  thermal  diffusivity  and  heat 
capacity.  Since  CVD-SiC  has  a  low  CTE,  we  assume  that  the  density  does  not 
change  significantly  over  the  temperature  range  of  the  measurements,  i.e.,  we 
assume  the  density  is  constant  as  a  function  of  temperature.  The  calculated 
thermal  conductivity  is  given  in  Figure  3.  Two  regimes  of  temperature 
dependence  are  observed  with  a  maximum  at  =  200  K.  From  the  position  and 
value  of  the  conductivity  maximum,  we  can  obtain  a  rough  estimate  of  the  grain 
size  [52],  We  get  a  calculated  grain  size  of  5.1,  6.0  and  11.3  for  deposition 
temperatures,  respectively,  of  1300,  1325  and  1350  C.  These  values  agree  quite 
well  with  the  measured  grain  size  of  6.8,  8.4  and  17.2  determined  from  optical 
micrographs. 


Transparent  CVD-SiC 

Silicon  carbide  is  a  good  candidate  material  for  transmissive  optics 
applications  in  the  0.5-5.5  pm  wavelength  region  due  to  its  lightweight,  high 
values  of  hardness,  flexural  strength,  elastic  modulus,  and  thermal  conductivity, 
low  value  of  thermal  expansion  coefficient,  high  oxidation  resistance  and  inertness 
to  many  chemicals  such  as  common  acids  and  bases.  The  a-phase  single  crystal 
SiC  shows  good  transmission  (>  60%)  in  the  wavelength  range  0.5-5.0  pm  [54]. 
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However,  attempts  to  fabricate  P-phase  (cubic)  SiC  with  good  transmission  in  the 
vis-IR  region  have  met  with  limited  success.  We  report  here  preliminary  results  of 
our  attempts  to  fabricate  polycrystalline  P-SiC  of  improved  optical  properties  by 
the  CVD  process. 


Temperature  ( K ) 

Figure  2.  Thermal  diffusivity  vs.  temperature  of  CVD-SiC  material  produced  at 
different  deposition  temperatures,  T  =  1300,  1325  and  1350  C;  and 
corresponding  average  grain  size,  d  =  6.8,  8.4  and  17.2  pm. 


Figure  3.  Thermal  conductivity  of  CVD-SiC  vs.  temperature  for  material 
produced  at  different  deposition  temperatures,  T  =  1300,  1325  and 
1350  C;  and  corresponding  average  grain  size,  d  =  6.8,  8.4  and  17.2 
pm.  Thermal  conductivity  was  calculated  from  data  in  Figure  2, 
heat-capacity  data  and  density  of  material  (see  text.) 

A  mixture  of  methyltrichlorosilane  (MTS),  Hz  and  Ar  was  used  to  fabricate 
P-SiC.  Argon  was  used  as  a  carrier  gas  to  transport  the  MTS  vapors  to  the 
reaction  zone.  The  deposition  was  performed  on  graphite  substrates  which  were 
coated  with  a  coating  of  amorphous  carbon.  The  CVD  process  parameters  were 
varied  as  follows:  MTS/H2  molar  ratio:  4-30,  substrate  temperature:  1175-1475 
C,  furnace  pressure:  10-200  torr,  Ar/H2  molar  ratio:  10-0.2.  Our  experiments 
have  shown  that  the  most  important  parameter  that  governs  the  fabrication  of 
transmissive  P-SiC  is  the  substrate  temperature.  When  the  substrate  temperature 
is  >  1375  C,  P-SiC  with  improved  transmission  is  obtained.  At  lower  substrate 
temperatures  (<  1375  C),  P-SiC,  Si  rich  SiC  or  Si  is  obtained. 

Figure  4  shows  a  comparison  of  vis-IR  transmission  of  CVD-SiC  prepared  at 
two  different  substrate  temperatures  (a)  1450  C  and  (b)  1300  C.  From  this  figure. 


it  can  be  seen  that  there  is  a  dramatic  improvement  in  transmission  as  the 
substrate  temperature  increases  from  1300  C  to  1425  C.  The  fall  off  in  IR 
transmission  as  the  wavelength  increases,  is  due  to  the  presence  of  free  carriers  in 
the  material. 
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Figure  4.  Comparison  of  transmission  of  CVD-SiC  fabricated  at  two  different 
substrate  temperaturers  (a)  1450  C  and  (b)  1300  C.  Sample  thickness 
=  0.18  mm. 


CVD  Polvcrvstalline  Silicon 

Silicon  is  a  good  candidate  material  for  transmissive  optics  applications 
such  as  lenses,  windows,  domes,  prisms,  etc.  in  the  3-5  pm  wavelength  range  and 
reflective  optics  applications  such  as  LIDAR  mirrors,  solar  collectors  and 
concentrators,  and  astronomical  telescopes  due  to  its  attractive  properties  such  as 
low  coefficient  of  thermal  expansion,  high  thermal  conductivity,  low  density,  high 
value  of  elastic  modulus,  high  and  constant  transmission  in  the  3-5  pm 
wavelength  range  and  excellent  polishability  [39,41,54-65].  For  many  of  these 
applications.  Si  blanks  in  the  1-m-dia  range  are  required  which  are  beyond  the 
current  state-of-the-art  of  the  single  crystal  and  casting  processes.  The  sintered 
and  hot  pressed  forms  of  Si  are  usually  porous  and  do  not  produce  a  high  quality 
optical  surface. 

Recently,  at  MI/CVD,  a  scalable  and  subatmospheric  pressure  CVD  process 
based  upon  pyrolysis  of  SiHCl3  in  excess  H2  was  developed  to  fabricate 
polycrystalline  Si  for  large  scale  optics  applications  [62-65],  This  material 
exhibited  good  physical,  thermal  and  mechanical  properties  which  were 
comparable  to  that  of  single  crystal  Si  but  also  showed  a  large  scattering  loss  in 
the  near  infrared  (1-7  pm)  wavelength  region  which  made  its  use  unsuitable  for 
transmissive  optics  applications.  The  CVD  procecss  parameters  were  varied  over 
a  wide  temperature,  pressure  and  molar  concentration  regimes  but  significant 
improvement  in  transmission  in  the  near  infrared  could  not  be  obtained.  A  post 
deposition  treatment  for  the  CVD-Si  was  then  developed  which  significantly 
improved  its  infrared  transmission  and  microstructure  as  shown  below. 

The  post  deposition  treatment  involved  annealing  the  CVD-Si  samples  at 
1573  K  for  five  hours  [65].  The  improvement  in  transmission  as  a  consequence  of 
this  annealing  was  independent  of  size,  thickness  and  CVD  process  conditions 
used  to  fabricate  samples,  furnace  heating  and  cooling  rates  (50-300  C/hr),  and  the 


flow  rate  of  inert  gas  (Ar)  during  annealing.  Figure  5  shows  a  comparison  of 
infrared  transmission  of  annealed  and  unannealed  samples  of  thickness  3.43  mm 
and  3.8  mm,  respectively.  From  this  figure  we  see  a  dramatic  improvement  in  the 
transmission  of  annealed  samples  thorughout  the  infrared  region.  The 
transmission  of  the  annealed  sample  is  very  close  to  that  of  semiconductor  grade, 
single  crystal  Si. 
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Figure  5.  A  comparison  of  infrared  transmission  of  annealed  and  unannealed 
samples  of  CVD-Si.  Thickness,  annealed  sample  =  3.43  mm, 
unannealed  sample  =  3.81  mm. 

The  annealing  treatment  also  changed  the  microstructure  of  CVD-Si  as 
shown  in  Figures  6  and  7.  Figure  6  shows  a  comparison  of  microstructure  taken 
parallel  to  the  growth  direction  of  (a)  unannealed  and  (b)  annealed  samples.  In 
Figure  6(a),  the  columnar  growth  characteristic  of  a  CVD  material  is  clearly 
visible.  These  growth  columns  totally  disappear  after  annealing  and  distinct  grain 
boundaries  appear  (Figure  6(b)).  These  grain  boundaries  indicate  that  a 
rearrangement  of  the  crystallites  (or  recrystallization)  has  occurred  thereby 
producing  material  with  more  uniform  grain  structure. 
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Figure  6.  Microstructure  taken  parallel  to  growth  direction  of  (a)  unannealed 
sample  and  (b)  annealed  sair  >le  of  CVD-Si. 
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Figure  7  shows  a  comparison  of  microstructure  taken  perpendicular  to  the 
growth  direction  of  unannealed  and  annealed  CVD-Si  samples.  One  can  dearly 
see  large  grains  in  the  form  of  "rosettes"  in  a  matrix  of  small  grains  in  the 
microstructure  of  the  unannealed  sample.  This  rosette  pattern  exists  throughout 
the  material  and  essentially  shows  that  the  material  is  microstructurally  non- 
uniform  with  two  quite  different  grain  size  distributions.  After  annealing, 
however,  the  rosette  pattern  disappears  and  the  grain  structure  becomes  more 
uniform. 
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Figure  7.  Microstructure  taken  perpendicular  to  growth  direction  of  (a) 
unannealed  sample  and  (b)  annealed  sample  of  CVD-Si. 


CVD  Zinc  Selenide 


CVD  ZnSe  is  widely  used  as  transmissive  optical  elements  for  commercial 
and  military  IR  systems  and  as  output  windows  in  commercial  carbon  dioxide 
(C02)  lasers.  CVD  ZnSe  is  used  as  a  window  material  in  many  IR  systems  in 
which  the  windows  experience  pressure  and/or  temperature  gradients.  Because  of 
this,  a  high  strength  material  is  desirable.  One  factor  that  effects  the  strength 
and  fracture  toughness  of  brittle  materials  is  the  grain  size.  Therefore,  early  in 
the  development  of  this  IR  material,  the  relationship  between  the  deposition 
temperature,  grain  size  and  strength  was  established  [26].  This  data  is  shown  in 
Figures  8  and  9.  In  Figure  8  the  average  grain  size  vs.  deposition  temperature  is 
shown  for  CVD  ZnSe.  The  grain  size  was  determined  by  the  intercept  method  on 
optical  micrographs  of  CVD  ZnSe  samples  which  were  polished,  and  subsequently 
etched  in  hydrochloric  acid,  Notice,  there  is  a  strong  grain  size  dependence  on 
temperature,  i.e.,  the  grain  size  increases  more  than  an  order  of  magnitude  as 
deposition  temperature  changes  from  650  to  825  C.  The  relationship  between  the 
flexural  strength  and  grain  size  is  shown  in  Figure  9.  Here  the  flexural  strength 
is  plotted  versus  the  reciprocal  of  the  square  root  of  the  grain  size  (d ,/2).  Notice, 
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in  Figure  9  that  the  points  appear  to  lie  on  a  straight  line,  which  indicates  that 
polycrystalline  CVD  ZnSe  follows  the  well  known  Petch  relationship  over  this 
range,  where  the  grain  size  changes  from  25  to  400  pm. 


600  700  800  900 

Temperature  (C) 

Figure  8.  Average  grain  size,  d,  of  CVD  ZnSe  vs.  deposition  temperature.  Data 
obtained  from  Ref.  26. 


4000  6000  8000  10000  12000 

Flexural  Strength  (psi) 

Figure  9.  The  reciprocal  square  root  of  grain  size,  d’lis  (|itn  w)  vs.  the  flexural 
strength  for  CVD  ZnSe.  Data  obtained  from  Ref.  26. 

CVD  Zinc  Sulfide 

CVD  ZnS  is  used  as  a  high  durability  window  material  in  military  systems 
operating  in  the  3-5  and  8-12  pm  spectral  band.  In  many  applications  such  as 
imaging  and  targeting,  optical  scatter  and  absorption  are  of  great  importance.  In 
the  development  of  this  IR  material,  the  relationship  between  the  processing 
conditions  and  optical  transmission  were  established.  The  IR  transmission  of  four 
ZnS  samples  (thickness  =  0.9  cm)  is  shown  in  Figure  10.  These  measurements 
were  carried  out  on  a  Perkin-Elmer  spectrophotometer  (Model  no.  1430)  operating 
in  the  double-beam  mode.  The  deposition  temperature  for  the  four  samples  was 
varied  from  670  to  735  C  and  the  molar  ratio  of  the  reactants  H2S/Zn  was  varied 
from  1.0  to  0.6.  The  most  prominent  feature  in  the  transmission  spectrum  is  the 
broad  absorption  band  centered  at  1600  cm1,  which  has  been  tentatively 
attributed  to  vibrational  modes  associated  with  zinc  hydride  radicals.  [66] 
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Although  the  deposition  temperature  has  an  influence  on  both  the  scatter  and  the 
6.2  pm  absorption  band,  it  is  the  H2S/Zn  molar  ratio  which  exerts  a  greater  control 
on  the  optical  properties  of  CVD  ZnS.  An  effort  to  understand  the  cause  of  scatter 
in  CVD  ZnS  is  currently  underway. 


Figure  10.  IR  transmission  of  CVD  ZnS  produced  at  different 
temperatures  and  H2S/Zn  molar  ratios. 


CVD  Zinc  Sulfo-Selenide 

In  a  sophisticated  lens  system,  the  use  of  optical  elements  with  a  vari¬ 
able  index  of  refraction  can  reduce  the  complexity  of  the  components,  increase  reli¬ 
ability  and  reduce  cost.  Gradient-index  optical  materials  have  long  been  available 
for  the  visible  portion  of  the  electromagnetic  spectrum,  but  not  for  IR  portions. 
Recently,  MI/CVD  developed  an  IR  gradient  index  material  from  mixtures  of  ZnS 
and  ZnSe  via  a  CVD  process  [25].  These  latter  two  materials  are  widely  used 
transmissive  optical  materials  in  IR  systems.  Over  their  useful  transmissive 
range,  the  refractive  index  of  ZnS  and  ZnSe  differ  by  =  0.2  units.  In  addition,  ZnS 
and  ZnSe  are  completely  miscible  in  the  crystalline  state,  i.e,,  the  alloy  ZnS.Se,,. 
exists  for  O  <  x  fi  1.  By  combining  the  latter  two  properties,  we  were  able  to 
produce  an  alloy  with  a  controlled  and  variable  x. 

In  order  to  produce  a  gradient  index  material,  numerous  experimental  CVD 
depositions  were  performed  to  establish  important  functional  relationship  between 
the  composition  of  the  reactant  gases  and  solid  composition.  Zinc  sulfide  and  zinc 
selenide  were  produced  by  the  following  CVD  reactions: 


+  H2SCgl  — ' 

ZnS:.i  +  H*g) 

(1) 

Zn<f) 

+  H2Sef?1  - 

— ->  ZnSe,,.  +  H2(e) 

(2) 

where  the  subscript  (g)  and  (s)  refer  to  gas  and  solid  species  respectively.  By 
varying  the  ratio  of  the  flow  rates  of  the  gaseous  reagents,  Q(H2SVQ(H2Se),  while 
maintaining  a  constant  Zn,.,  flow  rate  in  the  CVD  reactor  we  were  able  to  produce 
alloys,  ZnS.Se,.,,  with  x  varying  from  0  to  1.  The  composition  and  properties  of 
these  alloys  were  measured  to  establish  the  required  relationships  to  fabricate  a 
gradient  index  material.  The  most  important  relationships  required  to  produce  a 


cont’-olied  and  quasi-continuous  index  gradient  are:  alloy  composition  and 
deposition  rate  as  functions  of  gas  phase  composition;  and  the  refractive  index  as  a 
function  of  alloy  composition. 

The  gas  phase  composition,  expressed  in  terms  of  the  flow  rate  of  H2S  gas, 
Q(H,S),  over  the  total  flow  rate  of  reactant  gases,  Q(H,S)  +  QfH^Sei  =  QT,  is 
plotted  vs.  the  mole  fraction  (x)  of  ZnS  in  the  alloy  in  Figure  11  The  chemical 
composition  of  the  solid  alloy,  ZnS^Se,,  was  determined  by  SEM/KDAX  analysis. 
Because  the  reactants.  H2S  and  H2Se  were  premixed  before  entering  the  deposition 
zone  in  the  CVD  reactor,  the  gas  phase  composition  should  be  proportional  to  the 
flow  rates.  The  solid  circles  in  Figure  11  were  obtained  under  identical  run 
conditions,  i.e.,  substrate  temperature  of  710  C,  total  gas  pressure  of  30  torr. 
Q(Zn)  =  0.31  slpm  and  Q(H2S)  +  Q(H2Se>  =  0.3  slpm.  It  is  clear  from  Figure  1 1 
that  ZnSe  is  preferentially  deposited,  i.e.,  when  the  flow  rates  of  FES  and  H,Se  are 
equal,  the  mole  fraction  of  ZnS  in  the  alloy  is  0.30  and  not  0.50.  Similar  behavior 
was  observed  by  Stutius  for  a  different  CVD  reaction  using  metalorgamc 
compounds  as  reactants  and  under  different  CVD  conditions  [67J.  The  solid 
triangles  in  Figure  11  represent  compositional  data  obtained  at  two  different 
deposition  temperatures,  750  and  670  C.  Since  these  latter  data  points  appear  to 
give  similar  results  to  the  points  (solid  circles)  obtained  at  a  deposition 
temperature  of  710  C,  we  conclude  there  is  little  temperature  dependence  on  the 
composition  of  the  alloy  over  the  temperature  range  670-750  C.  This  result 
indicates  that  fluctuations  in  temperature  and  small-temperature  gradients  in  the 
CVD  reactor  should  have  little  effect  on  the  solid  composition  of  the  gradient 
material  (alloy). 


Figure  1 1.  Mole  fraction  of  ZnS  in  alloy  ZnS^Se, , 
vs.  gas  phase  corn-position  of  reactant 
gases  H2S  and  H,Se.  Solid  line  is  a 
least-squares  fit  to  data. 
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ZnSe  and  ZnS  do  not  deposit  at  the  same  rate  under  identical  CVD  conditions. 
Therefore  the  deposition  rate  of  the  alloy  depends  on  the  gas  phase  composition  of 
the  reactant  gases.  Figure  12  is  a  plot  of  the  deposition  rate.  R(),  vs.  the  gas  phase 
composition.  To  a  good  approximation,  the  deposition  rate  is  a  linear  function  of 
the  gas  phase  composition.  The  solid  line  in  Figure  12  is  a  linear  least-squares  fit 
to  the  data. 

The  refractive  index  of  the  alloy,  ZnS2„Se, ,,  should  he  a  linear  function  of  the 
solid  composition  at  wavelengths  removed  from  optically  allowed  transitions.  This 
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has  been  confirmed  experimentally,  and  is  shown  in  Figure  13.  Here  the 
refractive  index  (left-hand  ordinate)  and  molar  percent  of  ZnSe  in  the  alley  (right- 
hand  ordinate)  are  plotted  vs.  the  thickness  of  a  ZnS„Se, ,  gradient  index  materials 
deposited  over  a  thickness  of  =  4  mm.  The  index  measurements  were  made  at  a 
wavelength  of  0.647  pm  (Kr  laser)  using  a  specially  designed  interferometer  [681 
and  the  composition  profile  data  was  measured  using  SEM/EDAX.  From  these 
data,  we  conclude  that  the  refractive  index  of  the  ahoy  is  given  bv- 


n  =  H/.nsc  n-x)  +  n?nS(x)  (3) 
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where  rizns^  and  Hz^s  are  the  refractive  indices  of  ZnSe  and  ZnS,  respectively,  and  x 
is  the  mole  fraction  of  ZnS  in  the  alloy,  ZnSxSe; 

Finally,  the  grain  size  of  several  alloys  was  measured  and  this  data  is  shown 
in  Figure  14.  Notice,  that  the  grain  size  is  not  simply  proportional  to  the 
composition.  There  is  an  abrupt  change  in  grain  size  at  a  mole  fraction  of  10-  15riJ- 
ZnS  in  the  alloy  and  the  grain  size  remains  relatively  constant  as  the  mole 
fraction  of  ZnS  changes  from  20  to  100%  .  We  do  not  understand  the  fundamental 
reason  for  this  observed  behavior.  However,  it  appears  that  a  small  amount  of 
ZnS  produces  a  grain  size  in  the  alloy  similar  to  pure  ZnS. 
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Figure  12.  Deposition  rate,  Rn,  of 
alloy  ZnS„Se,  ,  vs.  gas  phase 
composition  of  reactant  gases  H.^S  and 
H2Se.  Solid  line  is  a  least-squares  fit 
to  data. 


Figure  13.  Change  in  refractive 
index, An  (left-hand  ordinate)  and 
mole%  ZnSe  in  alloy  ZnS, So, ,  (right- 
hand  ordinate)  vs.  distance  from 
substrate,  d,  along  deposition  axis  for 
gradient  index  material  grown  by  CVD. 
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Figure  14.  Average  grain  size  vs.  mole  fraction 
ZnS  in  alloy  ZnS.Se, ,. 
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ABSTRACT 

Preferred  conditions  for  deposition  of  thick  a -Si3N4 
plate  from  HSiCl3-NH3-H2  on  the  vertical  surfaces  of  a  low- 
pressure,  hot-wall  CVD  reactor  were  identified  by  means  of  a 
designed  experiment.  The  design  included  the  range  of 
temperatures  1300°C-1500°c,  pressures  0. 5-2.0  To rr,  and 
residence  times  0.01-1.0  sec.  The  vertical  deposition 
surfaces  received  a  viscous,  laminar  flow  of  well  mixed, 
thermally  equilibrated  reactants.  Plates  0.05-0.5  mm  thick 
were  produced  on  multiple  vertical  substrates  350  cm2  in  area 
at  deposition  rates  5-70  ym/hr.  Plates  0. 5-4.0  mm  thick  were 
produced  on  horizontal  substrates  at  deposition  rates  of  60- 
120  wm/hr.  When  NH3  flows  in  stoichiometric  excess, 
deposition  rates  on  vertical  surfaces  increase  approximately 
linearly  with  the  flow  rate  of  HSiCl3  but  depend  little  on 
temperature,  as  would  be  expected  if  the  reaction  proceeds 
under  mass  transport  control  with  product  depletion. 

Multiple  correlation  analyses  show  that  thickness  variations 
in  the  deposit  are  reduced  by  increasing  the  temperature  and 
decreasing  the  gas  residence  time.  CVD  silicon  nitride  plate 
produced  under  the  optimized  conditions  exhibits  theoretical 
density  and  is  free  of  pores  and  cracks.  It  exhibits  a 
columnar  morphology  in  which  the  <222>  and  <101> 
crystallographic  directions  are  oriented  preferentially 
normal  to  a  surface,  which  consists  of  well-defined  trigonal 
facets  10-50  um  across.  Crystallite  sizes  determined  by  X- 
ray  line  broadening  range  from  0.06-1.0  un.  This  CVD  plate 
is  gray  and  contains  approximately  0.5  w/o  C  and  0.5  w/o  0  as 
principal  impurities. 


INTRODUCTION 

Silicon  nitride  is  well  recognized  as  an  important 
engineering  ceramic.  Its  high  hardness,  chemical  inertness, 
resistance  to  creep  and  thermal  shock,  and  strength  at  high 
temperatures  recommend  its  use  in  advanced  turbines.  Its 
high  electrical  resistivity  and  dielectric  strength  find  use 
in  electrical  insulators,  including  some  in  integrated 
circuits.  Silicon  nitride  sputtering  targets  and  crucibles 
for  growth  of  low-oxygen  single  crystals  are  two  uses  which 
require  relatively  thick  sections  free  from  metallic 
impurities.  The  chemical  vapor  deposition  process  is  of 
interest  for  producing  such  articles. 
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CVD  silicon  nitride  has  been  described  previously1-4  as 
have  some  of  its  uses.5  A  statistical  optimization  approach 
to  production  of  thick  CVD  silicon  nitride  from  HSiCl3,  NH3 

and  M2  has  been  reported.6  Me  nov  report  preferred 
conditions  for  deposition  of  thick  CVD  Si3N4  plate  from 
HSiCl3-NH3~H2  gas  mixtures  on  vertical,  non-impingement 
surfaces,  by  use  of  a  similar  method. 

EXPERIMENTAL 

Experiments  were  carried  out  in  a  vertical,  hot-wall, 
low-pressure  CVD  reactor  as  depicted  in  Figure  1.  Gases  are 
introduced  into  the  reaction  chamber  through  a  cooled  coaxial 
nozzle,  the  annulus  of  which  carries  HSiCl3/H2  mixtures.  The 
overall  reaction  is 

3  HSiCl3  (g)  +  4  NH3  (g)  =  Si3N4(s)  +  9  HC1  (g)  +  3  H2(g)(1) 

The  reaction  chamber  was  a  graphite  cylinder  38  cm 
diameter  by  33  cm  long,  shown  in  Figure  2.  Gases  introduced 
through  the  nozzle  centered  in  the  base  impinged  on 
horizontal  deposition  plate  A  (15.2  cm  square)  and  exited 
around  the  periphery  of  the  base  after  passing  over 
rectangular  deposition  plates  B  and  C,  (15.2  cm  x  22.8  cm) 
oriented  vertically  as  shown  in  Figure  2.  Deposition  plates 
were  machined  from  UCAR  graphite,  Grade  ATJ.  The  average 
thermal  expansion  coefficients  of  this  graphite  and  of  CVD 
Si3N4  are  3. 5-4.0  x  10-6  °C-1  and  3. 0-3. 5  x  10-6  °C-1 
respectively. 


Figure  1 

Diagram  of  CVD  System. 

al  vacuum  chamber,  bl  graphite  furnace  element,  cl 
graphite  assembly.  d)  gas  injector,  el  flow  tubes  and  gas 
coni  ml  panel,  fl  furnace  power  supply,  gl  pyrometer,  hi 
OOP  controller.  D  pressure  transducer.  j.  pneumatic 
Fisher  valve,  kj  vacuum  blower.  II  water -sea>d  c  g 
pump 


Figure  2 

Graphite  Assembly  Used  In  Deposition  Trials. 

al  base,  bt  3  cm  diameter  injector  hole,  cl  lid  tfl  38  cm 
diameter  by  33  cm  long  cylinder,  el  l  2  cm  sparer  block, 
fl  15.2  cm  square  substrate  (Plate  Al  g  and  hi  15  2  cm 
by  22  ft  cm  substrates  (Plates  0  and  Cl 
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A  partial  factorial  experimental  design  was  generated  in 
which  wall  temperature,  total  pressure,  and  incoming  gas  flow 
rates  of  HSiCl3,  NH3,  and  H2  were  varied,  and  total  weight  of 
deposit  was  at  least  8  Kg  (Si3N4  basis)  in  each  run.  The 
design  was  restricted  to  ranges  of  each  variable  given  in 
Table  I,  based  on  prior  work-  The  statistics  program  EDO7 
generated  a  one-sixth  factorial  experiment  consisting  of  18 
trials  in  order  to  evaluate  the  main  effects  of  each  of  the 
five  parameters  and  the  interactions  between  them.  To  these 
eighteen  trials  were  added  five  replications  and  one  other 
variation.  After  this  set  of  24  trials,  a  set  of  preferred 
conditions  was  selected  and  demonstrated. 

TABLE  1 

Parameter  Levels  for  Experimental  Design 


Baramc.Wt 

Units 

Levels 

Lower  Intermediate  Upper 

H2  Flow  Rato 

slpm  * 

3.0 

6.0 

15.0 

N  H3  Row  Rale 

slpm 

0.8 

- 

2.0 

HSlQ3  Flow  Rale 

slpm 

0.4 

0.7 

10 

Total  Pressure 

min  He 

0.5 

2.0 

-Wambmpgatus _ x _ 

•  standard  liter  per  minute 

1300 

1400 

1500 

RESULTS 

Analysis  of  the  variable  ranges  in  Table  X,  and  of  our 
reactor  geometry,  reveals  that  gases  flow  over  the  vertical 
deposition  plates  in  thermal  equilibrium  with  the  reactor 
wall  in  viscous  and  laminar  manner.  Table  IX  compares  the 
power  requirement  to  attain  equilibrium  product  distribution 
at  wall  temperature  for  actual  gas  ratios,  if  power  supplied 
by  conductive  heat  transfer  from  a  tube  whose  area  is 
equivalent  to  that  of  the  reactor  wall  and  from  the  impinged 
deposition  plate  A.  Convective  heat  transfer  from  the 
reactor  wall  amply  satisfies  the  power  requirement,  thus 
establishing  that  vertical  plates  B  and  C  are  at  the  same 
temperature  as  the  reactor  wall.  Since  convective  heating  by 
plate  A  is  insufficient  to  satisfy  the  requirement,  the 
temperature  of  this  impinged  plate  may  be  as  much  as  20°  less 
than  that  of  the  wall.  Power  requirements  for  isothermal 
expansion  of  gases  and  power  supplied  by  radiative  heating, 
may  be  shown  to  be  small. 


TABLE  II 


Energy  Demand  for  Complete  Reaction  and  High  Product  T*  (in  Wl 


AH  _  Additional  heat  to  ralae 

Overall  Reaction  oecomp.  products  to  T  i*Kl  * 

Reaction  <1-01-31-  6QQ  flQO  MOO  1773** 

(II  (High  kt  mixture)  8  0  8.5  lOfl  181  409  580 

121  (Low  k,  mixture)  22.4  21.3  50  100  231  318 


•  AASommg  reactant*  enter  at  298  *K- 

•*  Highest  wall  temperature  In  this  study 


Convective  Heat  Transfer  to  Case*  ia  'Equivalent*  Tube  Hn  W) 

Overall  Reaction  f  (*KI  »  $QC_  i5QQ- 

f  It  4040  1050 

12)  1420  310 

Convective  Heat  Transfer  to  Gase*  at  Plate  A  (in  IV) 

Overall  Reaction  T  i*Kl  -  SQQ  1595 

CM  6*0  150 

(2)  ISO  36 


15  1<2  *  0  8  NH3  *  0.4  HStClj 

0.133  N3  ♦  15.8  »2  *  1  2  MCI  (*- 0  103  Si3N4)  (1) 

1  a  2.0  rm3  «■  |.0  KSICI3 

•,  o.333  Ma  .  Soilj*  3  0  ffCl  (*  0.333  SlyH^)  {2i 
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Flow  characteristics  of  the  jet  and  of  the  gases  passing 
the  vertical  walls  are  given  in  Table  III.  Flow  is 
characterized  as  viscous  when  the  mean  free  path  for 
molecular  collisions  is  small  compared  to  reactor  dimensions, 
i.e.,  the  dimensionless  Knudsen  number  Kn  <0.01.  These 
conditions  apply  in  the  present  work,  where  0.5<P<2  Torr. 

Gas  flows  can  be  shown  to  be  incompressible  except  near  the 
nozzle  by  evaluating  the  dimensionless  Mach  number  Ma,  the 
ratio  of  flow  to  sonic  velocity.  Although  Ma  >0.5  at  the 
nozzle,  indicating  that  flow  is  compressible  there,  Ma  <0.4 
and  is  incompressible  when  the  jet  has  expanded  to  6  cm  dia. 
Jets  impinging  on  horizontal  plate  A  have  greater  diameters 
and  their  cross-sectional  areas  were  always  <0.2  that  of  the 
reactor  lid,  thus  meeting  the  criteria  of  freely  expanding 
jets  which  entrain  gas  and  lose  momentum.7  Reynolds  numbers 
220  <Re  <1200  imply  that  gas  flow  in  the  jets  are  laminar. 
Other  considerations  indicate  that  flows  remain  laminar  and 
that  actual  pressures  on  the  vertical  plates  are  in  close 
agreement  with  measured  pressures. 

Table  m 

Dimensionless  Ratios 


Knudsen 


-  Q.*-5 
nozzle 

<  0  4 
jet 

— VbfJ-  ~  220 -1200 

CVD  silicon  nitride  plates  0.5-4  mm  thick  were  produced 
by  impingement  on  horizontal  substrates  at  deposition  rates 
of  60-120  iim/hr.  Expressions  for  deposition  rates  were 
derived  by  multiple  correlation  techniques  and  are  shown  in 
Table  IV,  where  the  Student  t-statistic  for  significance  of 
each  term  is  given  in  parentheses.  Rates  of  thickness 
increase  r^  on  horizontal  plate  A  can  be  expr  ed  as  a 
function  of  temperature  and  of  flows  and  pressures  of  HSiCl3, 
and  can  be  transformed  into  a  kinetic  equation  in  which  all 
power  terms  are  statistically  significant.  In  this  kinetic 
equation,  deposition  rates  increase  with  fractional  powers  of 
HSiCl3  concentration  and  decrease  with  powers  of  NH3  and  H3 
concentrations.  Temperature  dependence  yields  an  apparent 
activation  energy  36  kcal/mol,  which  may  be  compared  with  53 
kcal/mol  when  SiCl4-NH3-H2  impinge  a  graphite  substrate. 4  We 
interpret  these  results  as  indicating  near-kinetic  control  of 
the  thickness  increase  at  the  center  of  the  impingement 
plate.  Kinetic  expressions  describe  the  smaller  rates  of 
thickness  increase  near  the  edge  of  the  plate  less  well  than 
they  do  that  at  the  center,  however,  suggesting  that  kinetics 
control  deposition  rate  only  where  the  jet  impinges. 
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1/2 


(-fr/u) 
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CVD  plates  0.0 5-0.5  mm  thick  were  produced  on  vertical 
substrates  at  deposition  rates  5-70  um/hr.  Rates  of 
thickness  increase  depend  on  pressure,  flow  and  concentration 
of  HSiCl3  as  shown  in  Table  IV.  This  empirical  rate 
expression  cannot  be  transformed  into  a  kinetic  expression  in 
which  the  terms  retain  statistical  significance,  however,  and 
no  temperature  dependence  is  detected  by  multiple  correlation 
analysis.  These  results  indicate  that  deposition  on 
vertical,  non-impingement  substrates  proceeds  under  mass 
transport  control,  and  that  HSiCl3  is  the  depleted  species. 
Although  deposition  rates  are  lower  on  vertical  than  on 
horizontal  surfaces,  vertical  deposits  can  be  made  uniformly 
thick  more  easily  than  horizontal  ones.  Correlation  analysis 
reveals  that  uniformity  on  vertical  surfaces  is  enhanced  by 
decreasing  the  gas  residence  time  and  by  increasing  the 
temperature. 

TABLE  IV 

Deposition  Rate  Expressions  Derived 
from  Multiple  Correlation  Techniques 

Km |><ncai  [lasts 

iuu«>.  •  KOCH  .  i  iocjo  r*  n  ■  0  Tm  rvj  O  H  so 

ettMan  •  ■  •  i  .  Mitnous 

•  tax  -Mimffi  •iiiimcM  >•  *•*' 

«*j*»<*«**  uirtot>« 

Kinetic  Theory  Oasts 

r  .  k0«  E/BT1  [*>  X,,c  III 

U,  UB  •  0  l  II 

Vitkii  -  •*»  )M«n  ■ixi‘1  -oo*oa  ins*  tOHion  •»«« 

>wiki>  •  ug  •imow  ansug  o>»o«  nmm  «a»iii>» 

Average  Kinetic  Data  Derived  from  Various 
Deposition  Rates 

Based  on  Kqi?  (If  rate  expression 
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U 

a 

h  c 

rt.  Plate  A 

29 

03 

07 

0  13  • 

(with  exclusions) 

36 

0  3 

06 

•1  t  38 

rt.  Plate  & 

• 

• 

(with  exclusions! 

•0  3 

rm.  Plate  A 

17 

03 
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Preferred  conditions  for  deposition  of  thick  CVD  silicon 
nitride  on  vertical  faces  were  determined  to  be  1500°C  at  0,5 
Torr  total  pressure,  under  67%  stoichiometric  excess  NH3 . 
Deposits  up  to  0.9  cm  thick  were  grown  at  130  um/hr.  on  each 
vertical  plate.  These  crystalline  deposits  were  free  of 
pores  and  cracks  and  exhibited  densities  3.187  g/cm3- 
Columnar  morphology  of  the  preferred  condition  is  similar  to 
Figure  3  in  which  the  (222)  crystallographic  direction  is 
oriented  normal  to  a  surface  which  consists  of  well-defined 
trigonal  facets  10  Mm  to  800  um  across  as  shown  in  Figure  4. 
Crystallite  size  as  determined  by  X-ray  line  broadening  is 
approximately  1000  A.  This  CVD  plate  is  gray  and 
translucent,  and  contains  0.4  w/o  C  and  0.2  w/o  0  as 
principal  impurities. 


Figure  3 


Figure  4 


Typicil  Polycryatalline  CVD  Si3N4 
Having  Columnar  Growth  Pattern 
(Cross-Section  in  Bright  Field) 


Aa-Deposited  Trigonal  Surface 
of  CVD  Si3N4  from  Production 
Demonstration 
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ABSTRACT 

Specific  compositions  of  boron-carbon-silicon  ceramics 
exhibit  improved  abrasive  wear  and  good  thermal  shock  resist¬ 
ance,  but  require  bulk  sintering  at  temperatures  in  excess  of 
2100K.  The  formation  of  such  phases  by  chemical  vapor  deposi¬ 
tion  was  investigated  in  the  temperature  range  of  1073K-1573K. 
Methyltrichlorosilane  (CHjSiClj) ,  boron  trichloride,  and  methane 
were  chosen  as  reactant  gases,  with  hydrogen  as  a  carrier  gas 
and  diluent.  The  coatings  were  deposited  in  a  computer- 
controlled,  hot-wall  reactor  at  a  pressure  of  33  MPa  (200  Torr) . 

Below  147 3K  the  coatings  were  amorphous.  At  higher  temper¬ 
atures  non-equilibrium  reactions  controlled  the  deposition 
process.  The  most  common  coating  consisted  of  a  silicon  carbide 
matrix  and  a  silicon  boride,  SiB6,  dispersed  phase.  Multiphase 
coatings  of  B+B4C+SiB4  and  SiC+SiB6+SiBu  were  also  deposited  by 
controlling  the  partial  pressure  of  methane  and  boron  trichlor¬ 
ide.  Non-equilibrium  thermodynamic  analysis  qualitatively 
predicted  the  experimentally  deposited  multiphase  coatings. 

INTRODUCTION 

Boron-carbon-silicon  ceramics  have  traditionally  been 
fabricated  either  by  sintering  or  by  electric  arc  melting.  Both 
processes  require  temperatures  in  excess  of  2100K.  Dispersion 
strengthened  ceramics  can  be  formed  in  this  system  which  exhibit 
superior  properties  compared  to  the  single  phase  material. 

Proper  selection  of  the  matrix  and  the  dispersed  phase  can  be 
used  to  control  specific  materials  properties.  A  boron  carbide 
matrix  with  a  dispersed  silicon  carbide  phase  exhibits  a  signi¬ 
ficant  improvement  in  abrasive  resistance  compared  to  pure  boron 
carbide. [l]  A  silicon  carbide  matrix  with  a  boron  carbide 
dispersed  phase  exhibits  superior  thermal  cycling  stability 
compared  not  only  to  pure  boron  carbide  but  to  other  refractory 
oxides  as  well.  Boron-carbon-silicon  ceramics  also  exhibit  good 
oxidation  resistance  up  to  1473K.[2J 

Surface  modification,  in  which  the  ceramic  is  applied  as  a 
coating,  is  an  alternative  processing  approach.  Chemical  vapor 
deposition  (CVD)  is  one  of  the  most  versatile  techniques  for 
applying  ceramic  coatings.  Dispersion  strengthening  can  be 
accomplished  by  the  simultaneous  deposition,  or  codeposition,  of 
two  or  more  ceramics.  In  spite  of  the  potential  for  improved 
coating  performance,  there  is  a  dearth  of  published  information 
on  CVD  of  boron-carbon-silicon  ceramics.  Niemyski  et  al.  [3] 
used  boron  trichloride,  silicon  tetrachloride  and  carbon  tetra¬ 
chloride  as  precursors.  The  deposition  pressure  was  100  MPa 
(760  Torr)  at  temperatures  greater  than  1873K.  X-ray  diffrac¬ 
tion  identified  the  deposit  as  a  bulk  substitution  compound, 

(C,  Si ,  B)  j.  In  the  present  work  we  report  on  the  formation  of 
boron-carbon-silicon  ceramics  using  different  precursors  at 
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lower  deposition  temperatures  and  at  a  lower  pressure. 


EXPERIMENTAL  PROCEDURES 

The  depositions  were  conducted  in  a  rectangular  channel, 
hot -wall,  horizontal  quartz  reactor  at  33  MPa  (200  Torr)  over  a 
temperature  range  of  107 3K  to  157 3K.  The  graphite  rectangular 
channel  acted  as  a  susceptor,  which  was  heated  by  a  high-fre¬ 
quency  induction  generator  coupled  to  a  temperature  control 
system.  Substrates  were  isoetatic  molded  graphite  plates  1  cm 
by  1  cm  in  size.  The  deposition  process  was  automated;  the 
throttle  valve,  the  flowmeters,  and  the  valves  were  all 
interfaced  to  a  microcomputer. 

Methyltrichlorosilane  (CHjSiCl,  or  MTS),  boron  trichloride, 
and  methane  were  used  as  precursors,  with  hydrogen  as  a  reducing 
agent  and  the  carrier  gas  for  methyltrichlorosilane.  The  pre¬ 
cursor  mixture  was  characterized  by  two  ratios:  the  boron  ratio 
and  the  hydrogen  ratio.  The  boron  ratio,  BClj/ (BCl3+MTS)  , 
expressed  the  percentage  of  boron  in  the  precursor  gas  mixture 
at  the  reactor  inlet.  The  hydrogen  ratio,  H2/BC13+MTS,  compared 
the  amount  of  hydrogen  to  the  total  amount  of  precursors  at  the 
reactor  inlet.  The  total  flow  was  fixed  at  500  seem. 

The  coatings  were  examined  by  scanning  electron  microscopy. 
The  phases  were  identified  by  X-ray  diffractometry.  Microprobe 
analysis  of  the  constituents  was  performed  with  a  window]  e«=s, 
multi-crystal  system. 


RESULTS  AND  DISCUSSION 

Figure  l  is  a  map  of  the 
experimental  depositions  at 
different  deposition  tempera¬ 
tures  as  a  function  of  the  „ 

boron  ratio  at  a  hydrogen  ratio  ~ 
of  10.  The  structure  of  the  5 
coating  was  determined  by  the  ; 
deposition  temperature.  Above  | 

1473K  the  coatings  were  poly-  ” 
crystalline.  The  coatings  were 
silicon-rich,  consisting  of  a 
matrix  of  silicon  carbide  (Sic) 
and  elemental  silicon,  with  a 
uniformly  dispersed  silicon 
hexaboride  (SiB6)  second  phase. 

Amorphous  coatings  were 
deposited  between  1173K  and 
1473K.  Amorphous  coatings 
annealed  in  argon  at  1523K 
crystallized  when  the  annealing 
time  was  greater  than  10  minutes, 
the  annealed  films  showed  both  SiC  and  SiB6  peaks.  The  1473K 
transition  temperature  between  amorphous  and  polycrystalline 
coatings  was  approximately  250K  higher  than  the  transition 
temperature  reported  for  a  poly-crystalline  silicon  carbide 
coating. (4]  The  addition  of  boron  clearly  stabilized  the 
amorphous  phase. 

The  amount  of  elemental  silicon  in  the  polycrystalline 
coatings  was  inversely  proportional  to  the  deposition  temper¬ 
ature.  In  addition,  the  silicon  content  was  directly 


1573*  »  J  »  • 

s.  *  S.c  *  S  SK 

:4?3*  •  • 

!  2'3  ♦  © 

A-*£';*CVS 

•;73^  © 

V.73-*  v-.  © 


Fig.  1.  Map  of  experimental 
deposits  using  BClj  and  MTS. 


X-ray  diffraction  analyses  of 
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riq.  2.  Map  of  exper  ic-r.tnal 
deposits  using  BClj,  MTS  and 
CHt.  Hydrogen  ratio  =  5. 

P  =  33  MPa.  T  =  1543K. 

(■)  B+B„C*SiB5, 

{  A  j  B+B4C+B,4C-t-S  iBt, 

(▼)  SiBj-fSiB^+B.C, 

(•)  SiC+SiB6+SiB,t, 

!♦  )  SiC+SiB6.  Phase  field 
boundaries  are  approximate . 


Fig.  3.  Phase  field  morphologies.  Precursors, 
depostion  conditions  and  inlet  gas  mixtures  are 
shown  on  Fig.  2.  (a)  '■).  (b)  (•),  (c)  (♦}, 

(d)  SiC+SiB6,  20iBClj:20%MTS:60%CHt. 


proportional  to  the  hydrogen  ratio.  No  elemental  silicon  was 
deposited  at  hydrogen  ratios  less  than  10. 

In  order  to  eliminate  elemental  silicon  in  the  coatings, 
the  hydrogen  ratio  was  reduced  to  5  and  methane  was  added  to  the 
gas  stream  as  an  additional  source  of  carbon.  Figure  2  is  a  map 
of  the  phases  observed  at  1423K  at  33MPa  (200  Torr)  as  a  func¬ 
tion  of  the  composition  at  the  reactor  inlet.  Five  distinct 
phase  fields  were  identified  by  X-ray  diffraction: B+B?5C+SiB6, 
B+B4C+  Bj^C+S i Bfc ,  SiB6+SiBu+BtC,  SiC+SiBs+SiBu,  and  SiC+SiB6.  The 
boron-rich  deposits,  B+B^C+SiB6,  B+B^C+B^C+SiBj,  and 
SiB4+SiBu+BtC,  had  extensive  transgranular  cracking  and  good 
substrate  adhesion  as  qualitatively  measured  by  the  scotch  tape 
pull  test.  The  SiC+SiB6+SiB,^  coating  had  extensive  trans¬ 
granular  cracking  and  branching  with  very  poor  substrate 
adhesion.  The  largest  phase  field  was  the  SiC+SiB6  coatings. 
These  coatings  had  very  little  transgranular  cracking  and  good 
substrate  adhesion.  The  presence  of  the  four  phase  field 
B+B4C+B?4C+SiB4,  which  violates  the  phase  rule,  may  be  due  to 
fluctuations  in  the  gas  composition  with  time  or  to  non- 
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equilibrium  phenomena.  There  was  no  evidence  of  the  format mi, 
of  the  bulk  substitutional  compound  Bv(C,Si,B)3  by  X-ray 
diffraction  r»  ported  by  N iemyski  et  a >.[3] 

Figure  j  shows  representative  morphologies  of  the  various 
phase  fields.  Figure  4(a)  illustrates  the  acicular  morphology 
common  for  all  of  the  boron-rich  coatings  with  no  apparent 
second  phase  .  Figure  4 (b)  is  a  typical  specimen  in  the 
SiC+SiB6+SiBu  phase  field.  The  coating  is  composed  of  a  aatri 
of  SiC  nodules  with  diameters  greater  than  75  m  and  vertical 
reliefs  as  great  as  50  n.  The  voids  between  nodules  are  fsile 
with  boron-rich  whiskers  which  have  a  length/dianeter  ratio  of 
approximately  10/1  and  taper  towards  the  whisker  tip.  Figures 
4(c)  and  4(d)  show  the  morphology  of  the  SiC+SiB6  phase  field, 
Sic  matrix  and  a  distinct,  evenly  dispersed  SiB6  second  phase. 
The  density  of  the  dispersed  phase  is  directly  proportional  tc 
the  boron  ratio. 


THERMODYNAMIC  EQUILIBRIUM  ANALYSIS 

Thermodynamic  modelling  can  be  used  to  predict  the  optimum 
conditions  for  obtaining  a  deposit  with  a  specific  compos  it  ion , 
Thermodynamic  equilibrium  analyses  performed  in  this  report  used 
Solgasmix-PV. [5j  The  program  ran  on  a  personal  computer  and 
determined  the  equilibrium  gas  composition  and  condensed  phases 
for  a  specific  condition  by  minimizing  the  free  energies  of  ail 
the  possible  system  constituents  which  could  form.  The  JANA*' 
Tables  were  the  reference  for  the  heats  of  formation  and 
entropies  of  the  83  possible  gaseous  species  and  the  following 
condensed  phases:  B,  C,  Si,  Sic,  BtC.(6]  Thermodynamic  data  for 
the  silicon  boride  phases:  SiB,,  SiB6,  and  SiB,„,  were  optimized 
and  rationalized  by  Dirkx  (7)  and  were  used  in  the  calculation. 

Figure  4  is  an  analysis  of 
the  effect  of  the  hydrogen 
ratio  on  the  composition  of  the 
deposited  phases  as  a  function 
of  the  boron  ratio  at  the 
reactor  inlet  at  a  deposition 
temperature  of  1548K  and  a 
pressure  of  33MPa  (200  Torr) . 

The  figure  is  a  CVD  diagram, 
which  graphically  displays  the 
predicted  condensed  phase(s) 
deposited  at  equilibrium  as  a 
function  of  experimental 
parameters.  The  CVD  diagram 
shows  that  it  is  thermody¬ 
namically  possible  to  codeposit 
multiphase  bcron-carbon-si 1  icon 
ceramics  and  that  the  composi¬ 
tion  is  a  function  of  the  boron 
ratio. 

At  a  hydrogen  ratio  of  10 
anti  a  boron  ratio  of  0.67  the  codeposition  of  SiCMU'  is 
i  red,1  ted.  Under  the  same  conditions,  the  cxper  intent  i ,  routines 
■onuist  of  f;  i  •  ;  ;C.  .1  i  B, .  (Fig .  !>  Therroodynam  i  cal  1”  if 

possible  to  vary  the  coating  composition  by  changing  the  b  -Tor 
r  i*  i(i.  hxper  i  uenta  i  1  y  ,  however,  the  corn-position  o  t  the 

i  h,  coating  wi;;  not  a  function  of  the  boron  rut:  >  -  I  he 
! .  f  f  *  r  between  the  two  sets  of  data  iruifutes  that  the 

s  ;  -t  1'  :  prr.  * '  v  under  non  •  cd  .  • 


-  -  2  ’  M-  . 

■  •  ’Sis/  \ 


Bcc'  c  ‘  f? 


Fiq.  4.  CVD  diagram  of  the 
boron-ca  rbon-si  1 1  con  syst  err. 
using  BCi,  ar.J  Mis. 
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Fig.  5.  CVD  diagram  of  non-equilibrium  deposition  using 
BClj  and  MTS. 

NON-EQUILIBRIUM  THERMODYNAMIC  ANALYSIS 

Thermodynamic  equilibrium  calculations  use  the  precursor 
composition  at  the  reactor  inlet  as  input  parameters  and 
determine  the  equilibrium  phases  in  the  homogeneous  (gas  phase) 
and  heterogeneous  (gas  phase  and  condensed  phase)  systems. 
However,  kinetic  and  mass  transport  effects  generally  alter  the 
gas  phase  composition  at  the  gas/solid  interface,  the  hetero¬ 
geneous  system.  These  non-equilibrium  conditions  can  be  modeled 
using  Solgasmix-PV  by  assuming  that  a  "local"  thermodynamic 
equilibrium  exists  at  the  interface .( 8 ] 

One  kinetic  effect  which  could  alter  the  composition  of  the 
heterogeneous  reaction  is  the  homogeneous  (gas  phase)  decompo¬ 
sition  of  MTS.  At  temperatures  above  1173K,  MTS  decomposes  to 
form  a  methane  and  a  chloride  intermediates.  The  methane  mole¬ 
cule  is  very  stable  at  temperatures  below  1473K.  The  formation 
of  a  stable  carbon  intermediate  with  a  slow  reaction  rate  could 
lower  the  carbon  concentration  in  the  coat ing . [ 9 , 10 , 1 1 1 

Figure  5  is  a  CVD  diagram  of  a  non-equilibrium  analysis. 

The  dashed  line  represents  the  amount  of  carbon  available  as 
methane  in  the  equilibrium  heterogeneous  reaction  as  a  function 
of  the  boron  ratio.  Non-equilibrium  heterogeneous  reaction 
conditions  are  modeled  by  holding  the  boron  ratio  constant  and 
artificially  decreasing  the  carbon  content  from  the  equilibrium 
value.  The  abscissa  is  the  ratio  of  the  amount  of  methane 
avail-able  for  the  non-equilibrium  heterogeneous  reaction,  CH^, 
to  the  amount  of  methane  available  after  the  homogeneous 
decomposition  of  an  inlet  gas  composition  consisting  of  1001 
methyltri-chlorosilane,  (CHJf.  As  the  methane  content  of  the 
non-equilibrium  reaction  decreases  the  predicted  phase  fields 
become  increasingly  silicon-rich.  This  non-equilibrium  analysis 
qualitatively  predicts  the  deposition  of  three  of  the 
phase  fields  observed  experimentally:  SiOSiH.,  SiC+N  i  ii.  ♦  RiB,  , 
and  i  »:>iC*-SiBt. 
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SUMMARY 

Boron-carbon-silicon  coatings  were  deposited  from  mixtures 
of  methyltrichlorosilane,  boron  trichloride  and  methane.  The 
structure  of  the  coating  underwent  a  transition  from  an 
amorphous  to  a  polycrystalline  coating  at  1473K.  The  most 
commonly  observed  coating  was  a  silicon  carbide  matrix  with  a 
uniformly  dispersed  silicon  hexaboride  second  phase.  Other 
multiphase  coatings  were  deposited  by  controlling  the  partial 
pressures  of  methane  and  boron  trichloride.  The  significant 
difference  between  the  phase  fields  predicted  by  the  thermo¬ 
dynamic  equilibrium  analysis  and  the  experimental  data 
demonstrated  that  deposition  occurred  under  non-equilibrium 
conditions.  Non-equilibrium  thermodynamic  analysis 
qualitatively  predicted  the  silicon-rich  experimental  coatings. 
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ABSTRACT 

Non-reflective  or  high  emissivity  optical  surfaces  require  materials  with  given  roughness  or 
surface  characteristics  wherein  interaction  with  incident  radiation  results  in  the  absorption  and 
dissipation  of  a  specific  spectrum  of  radiation  Coatings  have  been  used  to  alter  optical  properties, 
however,  extreme  service  environments,  such  as  experienced  by  satellite  systems  and  other  spacecraft, 
necessitate  the  use  of  materials  with  unique  combinations  of  physical,  chemical,  and  mechanical 
properties.  Thus,  ceramics  such  as  boron  carbide  are  leading  candidates  for  these  applications.  Boron 
carbide  was  examined  as  a  coating  for  optical  haffle  surfaces.  Boron  carbide  coatings  were  deposited 
on  graphite  substrates  from  BCIj,  CK„  and  H,  gases  employing  chemical  vapor  deposition  (CVD) 
techniques.  Parameters  including  temperature,  reactant  gas  compositions  and  flows,  and  pressure  were 
explored.  The  structures  of  the  coalings  were  characterized  using  electron  microscopy  and 
compositions  were  determined  using  x-ray  diffraction.  The  optical  properties  of  the  boron  carbide 
coatings  were  measured,  and  relationships  between  processing  conditions,  deposit  morphology,  and 
optical  properties  were  determined. 


INTRODUCTION 

Space  telescopes  and  other  high-performance  optical  instruments  must  have  baffle  and  vane 
surfaces  designed  to  minimize  the  effect  of  stray  light  on  system  performance. (1-3)  Optica)  baffles 
are  the  non-reflective  structures  and  surfaces  within  an  optical  device  that  act  to  narrow  the  sighting 
area  by  limiting  the  source  from  which  light  is  detected,  and  enhance  performance  by  minimizing  off- 
axis  and  stray  light  that  might  enter  the  device  and  reach  the  detector(s).  Optical  baffles  are  essential 
in  the  management  of  light  that  enters  the  apparatus  and  thus  play  a  significant  role  in  determining  the 
performance  of  an  optical  system. 

An  optical  baffle  is  typically  non-reflective  or  "black."  A  variety  of  "black"  coatings  have 
been  developed  for  optical  baffle  surfaces. (1 ,4,5)  These  include  paints,  anodized  surfaces,  and  etched 
metal  coatings.  However,  many  of  the  current  materials  and  coatings  cannot  withstand  the  extreme 
environments  and  severe  mechanical  and  thermal  loadings  associated  with  applications  such  as  infrared 
sighting  systems  for  missiles  and  projectiles,  or  telescopes  on  specialized  satellites.  High  gravitational 
forces  and  vibration  during  launch,  and  thermal  or  mechanical  loads  during  service,  cause  the  current 
materials  to  fail.  The  coatings  flaxe  and  spall  diminishing  the  properties  of  the  baffle  surface  as  well 
as  producing  particles  that  can  eventually  cover  lenses,  mirrors,  and  detectors,  rendering  the  system 
inoperative  In  addition,  many  of  the  coatings  are  fragile  and  difficult  to  handle.  Simply  touching  the 
surface  smears  or  removes  the  coating,  decreasing  its  effectiveness.  Thus,  there  exists  a  need  for 
improved  diffuse-absorptive  coatings  for  high  performance  applications,  coatings  which  are  stronger, 
more  adherent  and  damage  resistant,  and  therefore  able  to  survive  extreme  environments. 

Boron  carbide  fulfills  many  of  the  requirements  for  improved  baffles  and  thus  was  selected  for 
this  study. (6)  Boron  carbide  is  a  low  density  material  with  exceptional  mechanical  properties  including 
high  hardness,  strength,  and  modulus,  It  exhibits  poor  reflectance  from  visible  through  infrared  and 
functioned  well  in  earlier  haffle  and  solar  absorption  applications. (5,6)  Boron  carbide  has  a  high 
melting  temp  ;  ature,  good  theimal  conductivity,  and  high  specific  heat  resulting  in  excellent 
survivability  against  directed  energy  threats.  A  broad  range  of  compositions  exist,  ie  B,C,  B,,C;, 
B,C.  B.,C,  etc,,  and  these  are  readily  deposited  using  chemical  vapor  deposition  techniques. (7-1 1) 
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Chemical  vapor  deposition  was  chosen  as  the  processing  method  for  it  is  an  extremely  versatile 
process.  A  variety  of  parameters  can  be  controlled  to  produce  boron  carbide  coatings  with  a  broad 
range  of  compositions  and  morphologies.©- 13)  Gas  composition,  temperature,  and  pressure  can  be 
changed  to  modify  the  texture  and  morphology  of  the  final  coating  with  nodular,  faceted,  and  whisker- 
like  surface  features  possible.  (10, !  I)  Correlations  between  deposition  conditions,  coaling  morphology, 
and  optical  performance  at  10.6  gm  were  investigated. 


EXPERIMENTAL  PROCEDURES 
Deposition 

Boron  carbide  coatings  were  deposited  from  gas  mixtures  containing  boron  trichloride  (BCI,). 
methane  (CH4),  and  hydrogen  (H-)  at  a  pressure  of  3.3  kPa  and  temperatures  of  1273  to  1673  K.  The 
effects  of  deposition  parameters  including  temperature,  gas  composition,  and  total  reactant  flow'  on  the 
structure  and  composition  of  the  deposits  were  examined.  The  ratio  of  boron  to  carbon  (BCI,  to  CH4) 
in  the  input  gas  mixture  was  varied  from  0.25  to  8.0;  with  the  sum  of  these  reactant  species  held 
constant  at  75  seem.  The  hydrogen  to  chlorine  ratio  in  the  input  gas  was  held  constant  at  30;  the  total 
H.  flow  was  altered  to  control  this  ratio.  Deposition  times  were  45  min  for  all  samples,  and  details 
of  the  experiments  are  given  in  Figure  1 . 

Upon  completion  of  these  scoping  deposition  experiments,  additional  coating  runs  were 
conducted.  It  was  found  that  rough  or  textured  coatings  were  produced  at  temperatures  of  1473  and 
1573  K  and  BCIS:CH4  ratios  of  0.25  to  1.00.  Subsequent  experiments  focused  on  this  processing 
window.  As  before,  deposition  time,  pressure,  and  H:C!  were  held  constant  as  temperature  and  input 
gas  composition  were  varied.  Specific  details  of  the  additional  deposition  experiments  are  also  shown 
in  Figure  1 . 

A  horizontal  cold-walled  system  was  used  for  the  deposition  of  the  coatings.  The  furnace 
consisted  of  a  fused  silica  tube  (54  mm  OD,  2  mm  wall.  75  cm  long)  with  custom- fabricated  stainless 
steel  end  caps.  Graphite  substrates  6  mm  thick  and  25  mm  in  diameter,  were  cut  from  round  slock, 
washed  in  water  and  acetone,  and  then  dried  in  an  atmospheric  oven.  A  single  substrate  was  supported 
within  the  reactor  using  a  graphite  rod  inserted  into  a  hole  drilled  into  the  rear  or  the  subsume  anu  was 
heated  inductively  using  an  RF  generator.  Substrate  temperatures  were  measured  using  an  optical 
pyrometer  and  a  black  body  hole  drilled  in  the  substrate.  Corrections  were  applied  for  absorption  by 
the  glass  prism  and  quartz  window. 

Reactant  gases  were  introduced  to  the  system  through  an  end  of  the  furnace  and  flow  rates 
were  controlled  using  mass  flow  controllers.  Hydrogen  was  purified  by  passage  through  a  titanium 
sponge  getter,  while  the  other  gases  were  metered  in  their  supplied  forms.  Boron  trichloride  flow  was 
difficult  to  control  due  to  its  low  vapor  pressure  at  room  temperature,  thus  the  BCI,  bottle  and  lines 
were  heated  to  obtain  reproducible  flows.  Exhaust  gases  were  scrubbed  by  passage  through  a  soda- 
lime  bed.  Pressure  control  was  accomplished  using  a  gas  ballast  technique.  A  capacitance  manometer 
monitored  the  furnace  pressure  which  was  held  constant  by  injecting  argon  gas  into  (he  pump  inlet  to 
regulate  effective  pumping  speed. 

Characterization 

Optical  and  scanning  electron  microscopy  were  used  to  characterize  coating  surface 
morphologies,  features,  and  structures.  X-ray  diffraction  was  used  to  examine  the  composition  of  the 
deposits.  Reflectance  was  measured  over  the  wavelength  range  of  2  to  55  gm  employing  a  Perkin- 
Elmer  983G  IR  spectrophotometer.  The  instrument  is  a  computer -controlled,  dual -beam,  ratio¬ 
recording  spectrophotometer  for  measuring  reflectance  or  transmittance  of  flat  optical  components  with 
a  resolution  of  0.03  gm  and  an  accuracy  of  +  0  1  gm  Bidirectional  Reflectance  Distribution  Function 
(BRDF)  measurements  at  10.6  gm  and  angles  from  0°  to  ±  30°  were  conducted  using  an  advanced 
optical  scatterometer .  The  instrument  measures  optical  scatter  as  a  function  of  angle  and  position  of 
the  specimen  with  an  illuminated  spot  size  of  5  mm. 
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RESULTS 

Coatings  ranging  in  thickness  from  15  -  60  pm  were  deposited  on  the  graphite  coupons. 
Deposit  finish::  'inged  in  color  from  shiny  silver-gray  to  Hat  black  Upon  closer  examination  it  was 
found  that  the  scoping  experiments  produced  coatings  with  a  variety  of  morphologies  as  shown  in  the 
electron  micrographs  in  Figure  2.  The  majority  of  the  coatings  were  characterized  by  smooth  nodular 
or  slightly  faceted  surfaces,  however,  cylindrical,  pyramidal,  and  cubic  structures  with  sizes  ranging 
from  <  1  to  20  y m  were  observed  on  certain  specimens.  The  highly  textured  coatings  were  produced 
at  processing  conditions  of  1473  to  1573  K,  BC1,:CH,  of  0.25  to  1 .00,  H:CI  of  30.  and  a  pressure  of 
3.3  kPa. 

The  goal  of  the  project  was  to  optimize  the  properties  of  the  coating  for  a  specific  infrared 
wavelength,  ie.  10.6  Mm,  thus  the  optical  properties  of  coatings  with  highly  textured  or  rough  surfaces 
were  measured.  In  general,  less  than  I  %  reflectance  from  2  to  55  (<m  was  observed.  Deposits  with 
fine,  whisker-like  structures  were  not  examined  optically  for  these  coatings  typically  were  fragile  and 
not  adherent.  The  off-angle  properties  of  selected  specimens  were  then  characterized.  The  results  of 
the  BRDF  measurements  at  10  6  ym  from  0  to  ±  30°  for  select  coalings  are  shown  in  Figure  3.  The 
optimum  coating  exhibits  a  low  BRDF  response  over  a  broad  range  of  incident  angles,  and  is  a  straight 
line,  characteristic  of  a  Lambertian  surface  when  cosine  corrected. 

X-ray  diffraction  identified  only  rhombohedral  boron  carbide  in  the  coatings  wilh  the  rough 
morphologies.  The  exact  composition  of  the  rhombohedral  phase,  B,C  or  B„C,,  has  been  the  subject 
of  numerous  studies,  and  continues  to  he  a  topic  of  debate.  Although  it  is  difficult  to  distinguish 
between  the  two  phases,  it  appears  that  the  composition  of  the  deposits,  the  fraction  of  B,C  or  B,,C- 
in  the  coating,  was  influenced  by  reactant  gas  composition  and  temperature.  The  B,C  phase  seemed 
to  be  favored  at  higher  methane  concentrations  and  temperatures. 
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Figure  2.  A  variety  of  textured  surfaces  were  observed. 


Figure  3.  BRDF  of  various  baffle  coatings  at  10.6  /am. 
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DISCUSSION 

The  wavelength  of  interest  in  this  study  was  10.6  pm,  thus  surface  features  were  tailored  for 
the  far-infrared  spectrum.  Scoping  deposition  experiments  produced  coatings  with  surface  features  and 
textures  that  exhibited  low  reflectance  as  indicated  by  the  specular  and  BRDF  measurements. 
Deposition  conditions  were  then  adjusted  to  optimize  the  properties  of  the  coating  for  the  given 
wavelength.  Close  control  of  the  microstructure  was  achieved  through  variations  in  processing. 
Highly-sloped  and  faceted  structures  with  sizes  on  the  same  order  as  the  wavelength  exhibited  the  best 
optical  baffle  properties. 

The  optical  properties  of  select  boron  carbide  coatings  are  compared  to  other  materials  in 
Table  1 .  The  use  of  BRDF  at  0°  to  compare  samples  is  appropriate  since  departures  from  Lambertian 
perfromance  are  readily  apparent.  The  polished  metal  sample  is  a  case  in  point.  Martin  Black  is  a 
standard  to  which  optical  baffle  coatings  are  often  compared. (1,4)  Martin  Black  is  an  anodized 
aluminum  surface  that  is  microrough.  It  exhibits  a  matte  black  finish  and  contains  a  proprietary  aniline 
dye.  It  was  developed  for  the  Skylab  program  and  has  been  used  in  a  variety  of  space  instruments.  (4) 
The  coating  was  originally  developed  for  ultraviolet  and  visible  applications,  but  has  seen  extensive 
use  in  infrared  systems.  The  Martin  Black  surface  contains  a  variety  of  surface  feature  sizes  and 
exhibits  good  broadband  properties.  The  properties  of  boron  carbide  coatings  approach  those  of  the 
standard.  However,  it  is  expected  that  due  to  the  high  strength,  stiffness,  and  hardness  of  boron 
carbide,  these  materials  will  exhibit  higher  durability  and  survivability  in  the  given  applications.  The 
coatings  are  easily  handled  and  appear  to  be  extremely  rugged.  TTie  ability  of  the  boron  carbide 
materials  to  withstand  man-made  threats  is  currently  being  assessed. 


Table  I,  Optical  performance  of  various  materials  at  10.6  pm. (1. 4) 


Material 

BRDF  §  0° 
(sr-’> 

Specular 

Reflectance 

(%) 

Polished  metal 

1.7X1  O' 

98.4 

B4C  on  metal 

3.7X102 

8 . 1 

CVD  Diamond 

2 . 6X102 

9.9 

Plasma-Sprayed  Be 

4. 8X10 2 

1.6 

Plasma-Sprayed  B 

1 . 5x1  O'2 

0.7 

Martin  Black 

«  i  x  io3 

0.7 

Bfi  on  graphite 

1 . 9xl0'2 

_ 

B/?  on  graphite 

6 . 1x10  3 

— 

Bfi  on  graphite 

6.8xio'3 

0.7 

Bf:  on  graphite 

4 . 3X10  3 

0.5 

B/7  on  graphite 

3. 7X10 3 

0.5 

CONCLUSIONS 

The  morphology  and  size  of  surface  features  for  boron  carbide  coatings  were  modified  by- 
altering  deposition  conditions.  Rough  or  textured  deposits  exhibited  tow  broadband  reflectance  and 
a  flat  BRDF  response  in  the  far-infrared  {10.6  pm).  The  coatings  with  the  optimum  optical  bailie 
properties  possessed  highly-sloped  and  faceted  surface  features  and  were  produced  at  temperatures 
between  1473  and  1573  K  and  BC1.  CH,  ratios  of  0.25  to  1 .00.  The  size  and  shape  of  the  surface 
structures  was  influenced  by  deposition  conditions,  and  thus  the  performance  of  the  baffle  coating 
could  be  optimized  through  changes  in  processing. 
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ABSTRACT: 

The  reaction  of  (100)Si  with  Cjlh  in  a  hot  wall  CVD  reactor  has  been  studied 
using  a  X— ray  photolectron  spectroscopy,  and  a  scanning  electron  microscopy.  The 
growth  of  the  SiC  films  was  observed  through  the  behavior  of  Sijj,  peaks  and  their 
plastnons.  Smooth  surface  morphology  with  a  monolayer  of  SiC  was  obtained  at  950!iC 
for  7  minutes  and  defects  were  observed  for  longer  reaction  times  at  this  temperature 
For  higher  reaction  temperatures  (e.g.  1000CC),  defects  were  observed  for  reaction 
times  as  short  as  10  seconds.  The  formation  of  defects  was  correlated  to  the 
out-diffusion  of  Si  in  the  carborization  process. 

INTRODUCTION: 

Growth  of  single  crystal  /3-silicon  carbide  (SiC)  on  a  (KlO)Si  substrates  by 
Chemical  Vapor  Deposition  (CVD)  is  generally  carried  out  at  high  temperatures.  In 
growing  SiC  single  crystals  by  a  one  step  process,  some  problems  were  encountered 
which  are  related  to  the  large  mismatch  (20%)  in  lattice  constants,  and  the  differences 
in  thermal  expansion  coefficients  between  the  deposited  SiC  film  and  the  underlying  Si 
substrate  (8%)  (1).  Therefore,  the  resulting  SiC  films  often  exhibit  poor  morphology 
In  addition,  peeling  of  SiC  film  from  the  Si  substrate  is  ofetn  observed  after  the 
deposition.  Furthermore,  in  depositing  SiC  films  etching  problems  were  reported  for 
Cl-based  precursor  systems  (e.g.  Off  jCI -SiU  s-  )I2  and  CHjSiClj)  because  of  the 
formation  of  Cl  and  CU3  radicals  [21 

Growth  of  a  buffer  layer  has  been  proved  to  be  a  necessary  step  in  obtaining  good 
quality  SiC  films  on  Si  substrates  (3).  This  buffer  layer  is  generally  grown  at  relatively 
low  temperatures,  after  which  the  substrate  is  raised  to  higher  temperature*  for 
carrying  out  the  bulk  growth  of  SiC  films  The  buffer  layer  is  grown  by  either  reacting 
Si  substrate  with  a  hydrocarbon  gas  or  by  sputtering  SiC  onto  the  Si  substrate  [■!]. 
Table  1  shows  various  hydrocarbon  gases  and  the  reaction  parameters  ihat  arc,  used  for 
the  conversion  of  Si  surfaces  to  SiC  layers.  Note  that  the  reactions  hau  been  carried 
out  in  high  vacuum  and  cold-wall  systems  which  are  not  compatible  with  the  low- 
pressure  chemical  vapor  deposition  (l.PCVD)  processes  which  are  often  carried  out  in 
hot  wall  reactors  to  increase  the  throughput.  Therefore,  in  this  work  the  reaction 
between  acetylene  (Cjffj)  and  (100)Si  substrate  was  studied  to  obtain  the  optimum 
parameters  to  grow  buffer  layer  in  a  conventional  horizontal  hot  wall  CVD  reactor  in  a 
low  pressure.  Emphasis  will  be  given  for  the  formation  of  surface  defects  during  the 
reaction  of  CJI2  with  Si  substrates. 

EXPERIMENTAL  PROCEDURE: 

Single— crystal  (lOO)Si  substrates  were  used  in  this  study  Before  introducing  the 
substrates  into  the  reaction  chamber,  the  organic,  contamination  on  the  surface  of  Si 
substrate  was  first  washed  out  by  using  acetone  and  then  by  dipping  into  methanol 
Following  these  procedures,  the  residual  surface  oxides  were  etched  by  10  wt%  HF  for 
10  seconds.  Finally  the  substrates  were  cleaned  by  distilled  water.  Prior  to 
transferring  these  Si  substrates  into  the  reactor,  the  surfaces  were  dried  by  dry 
rutrogen 

The  reaction  chamber  was  first  evacuated  to  the  based  pressure  of  10  ■'<  torr  And 
the  wafers  were  heated  to  the  reaction  temperatures,  range  from  950  to  lOllfPO,  in  a 
flowing  hydrogen  gas  at  a  pressure  of  18  lorrs.  After  the  temperature  equilibriation 
the  hydrogen  flow  was  turned  off  and  acetylene  gas  was  introduced  at  a  pressure  of 
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0  1 — 0.12  torr.  After  the  reaction  was  completed,  the  substrate  was  furnace  cooled  in 
hydrogen  at  a  pressure  of  1.8  torrs.  The  surface  characterization  was  earned  out  by 
using  a  Kratos  x-ray  photoelectron  spectroscopy  (XPS)  with  a  MgKa  x-ray  source. 
Scanning  electron  microscopy  (SEM)  was  used  to  obverse  the  surface  morphology  of 
the  reacted  Si  substrates. 

RESULTS  AND  DISCUSSION: 

I.  Reaction  products 

The  course  of  the  reaction  between  Si  and  C2H2  was  monitored  by  following  the 
changes  in  Si2j,  and  Cis  XPS  peaks  and  the  plasmon  loss  features  of  Si2p.  Figure  1 
depicts  the  Si2p  spectral  region  for  the  (100)Si  surface  before  and  after  the  reaction 
with  C2H2  at  tne  reaction  temperatures  of  950  and  1000CC  for  various  reaction  times. 
The  Si 2p  spectrum  for  a  clean  {100)Si  substrate  is  shown  in  Figure  1(A).  In  Figure 
1(A),  Tne  major  peak  is  the  Si 2l>  peak  and  the  less  intense  feature  which  has  the  energy 
loss  of  17  eV  was  the  bulk  plasmon  loss  feature  from  Si  substrate.  The  small  shoulder 
in  Figure  1(B),  which  was  about  3  5  eV  higher  than  the  major  Si?,,  peak,  was  believed 
to  be  from  Si02  on  the  surface  of  the  substrate  due  to  the  contamination  from  the 
atmosphere.  As  the  reaction  temperature  increased  from  950  C  to  1000C'C,  the 
intensity  of  this  Si  plasmon  feature  decreased,  while  that  of  a  second  plasmon  loss 
feature  at  about  22.5  eV  increased,  as  shown  in  Figure  l(B)-l(D).  This  latter  feature 
corresponds  to  the  bulk  SiC  plasmon  as  discussed  by  Bozso  and  co— workers  [I6j. 

The  Si2j,  plasmon  loss  feature  at  about  22.5  eV  provides  the  evidence  for  the 
formation  of  SiC.  Additional  information  can  be  obtained  by  following  the 
deconvolution  of  Si 2)1  peaks  of  Figure  1,  as  shown  in  Figure  2.  The  Si with  the 
binding  energy  of  99.1  eV,  from  clean  Si  substrate  is  shown  in  Figure  2(A)  for 
comparison  with  that  of  reacted  Si  substrates.  As  depicted  in  Figure  2,  the  relative 
intensities  of  Si2,,  from  the  Si  substrate  decreased  as  the  reaction  temperature  increased 
from  95G5C  to  10003C  (Figure  2(B)-(D)).  Furthermore,  for  samples  which  were 
reacted  at  1000SC,  the  Si3.,  peak  from  Si  substrate  disappeared  if  the  reaction  times 
were  longer  than  40  seconds.  For  reaction  times  laonger  than  40  seconds  at  10(K)5C, 
the  spectra  of  the  samples  were  essentially  similar  to  the  ones  depicted  in  Figure  2(D) 
It  was  also  observed  that  the  relative  intensities  of  S  pm,  '  from  SiC  were  smaller 
for  the  reaction  parameters  of  950°C  for  5-1 1  minutes  .  i..use  prepared  at  1000C’C 
for  less  than  5  minutes  This  indicated  the  SiC  Films  obtained  at  1000-C  were  thicker 
than  those  prepared  at  950°C.  By  deconvolving  the  Si2|)  spectra  of  Figure  2,  and 
assuming  that  the  mean  free  paths  of  the  photoelectrons  in  Si  (A.,;  =  2.25nm)  and  SiC 
are  the  same,  the  surface  coverage  of  the  reaction  product  can  be  estimated  by  using 
the  following  equation  [10): 

ft  =  (Psi/psic:)*{cxp(-d/ AsiCos0)/[l-exp(— d/A.siCos#))}  (1) 

where  R  is  the  intensity  ratio  of  Si2l>  from  Si  substrate  to  that  from  SiC  layer;  d  is  the 
thickness  of  the  SiC  layer;  and  p„\  and  ps\c  are  the  densities  of  Si  atoms  in  Si  substrate 
and  in  the  SiC  layers,  respectively;  0  is  the  angle  between  the  normal  direction  to  the 
sample  surface  and  the  photoelectron  detector  Using  the  equation  (1),  it  was  found 
that  the  surface  coverage  at  950°C  (for  5  to  11  min)  is  limited  to  about  0.5  to  1 
monolayer  of  SiC,  while  at  1000°C  (for  10  to  20  sec)  the  SiC  thickness  is  around  30A, 
which  corresponds  to  several  monolayers.  Our  inability  to  observe  the  Si 2l>  from  Si 
substrate,  for  reaction  times  longer  than  40  seconds  at  1000°C,  can  be  attributed  to 
thicker  SiC  product  layers  in  comparision  to  the  nominal  XPS  sampling  depth 

Table  II  shows  the  binding  energies  of  Si 2j,  peaks  for  specimens  that  were  reacted 
at  different  conditions.  For  specimens  arected  at  950°C,  the  binding  energies  and  the 
energy  differences  among  these  peaks  agreed  very  well  wi'h  the  reported  values. 
However,  for  the  samples  prepared  at  lOOCC,  the  Si2n  peaks  of  SiC  and  Si02  were 
slightly  shifted  to  higher  binding  energies  (0.4  to  0.5  eV).  The  shift  to  higher  binding 
energies  is  also  confirmed  by  careful  measurement  of  the  plasmon  loss  features  in 
Figure  2(C).  This  shift  to  the  higher  binding  energies  ran  be  attributed  to  the 
differential  charging  of  SiC  and  Si02  in  comparision  with  Si. 

The  stoichiometry  of  the  SiC  product  layers  was  determined  from  the 
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Table  I:  Trie  conversion  of  Si  to  SiC 


C-source 

Temp  (°C) 

Pressure 

(torr) 

Chamber 

type 

References 

C2H2 

900—1100 

1 0  1 0 -* 

cold  wall 

5 

C-Hj 

800-1100 

ID'7— 5»10'4 

cold  wall 

6 

c2h2 

1130-1370 

10-5-10-7 

cold  wall 

7 

C,Hj 

1225-1380 

5*10"fi— 3*10"3 

cold  wall 

8 

c2h2 

900-1200 

2«  10-s-3«10-6 

cold  wall 

9 

C2fl2 

900 

7.6x10-6 

cold  wall 

10 

C2H2 

950 

10-« 

— 

11 

*c2h2 

837-1037 

7.5x10-10 

cold  wall 

12 

CjHj 

1280-1330 

7.5x10-' 

cold  wail 

13 

C2H< 

1360 

7.5«10-' 

cold  wall 

14 

C2H4 

1327 

— 

— 

15 

*C21W 

667 

T«10-5 

cold  wall 

16 

*C2fl4 

697 

6xlO-io 

cold  wall 

17 

c3H8 

1000-1170 

— 

— 

1 

c3h8 

1360 

- 

cold  wall 

18 

*  :  molecular  beam 

Table  II:  Binding  energy  of  Sij,, 

Si  2,.  (eV) 

a B K  (SiC-Si) 

T(°C) 

Time 

Si  SiC  Sr02 

950 

5-11  min 

99.1  100.5  102.6 

1  4  eV 

1000 

10-20  sec 

99.1  101  101 

1.9  eV 

1000 

40  sec  »<  5min 

101  103 

- 

Table  III:  Times  for  C  and  Si  atomsto  diffuse  through  the  SiC  barrier 


C  in  SiC 

Si  in  SiC 

T(°C) 

r(5A) 

r(5A) 

(sec) 

(sec) 

90(1 

lx  10" 

1x101-' 

950 

8x103 

2»1017 

’000 

5«  108 

I.lil" 

1 


XPS  Intensity 
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Si2pand  bulk  plasmon  peaks 
Si(lOO)  P  *  0.1-0.12  torr 


l000  °C/40  sec  1 

D 


30  20  10  0 


Energy  loss  (eV) 


Figure  1:  Si2p  XPS  peaks  and  associated 
plasmon  loss  features  for  (A)  clean  Si  and 
Si  reacted  with  C2H2  at  (B)  950°C  for  11 
min  (C)  1000°C  for  20  sec  (D)  1000°C  for 
40  sec. 
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Figure  2:  Si2p  XPS  peaks 
deconvolution  for  (A)  clean  Si 
and  Si  reacted  with  C2H;  at  (B) 
950°C  for  11  min  (C)  1Q00CC  for 
20  sec  (D)  1000 5C  for  40  sec. 
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deconvoluted  Si;,,  and  C,s  peaks.  In  general,  the  converted  SiC  layers  obtained  in  this 
study  were  slightly  Si-rich,  which  can  be  attributed  to  the  rapid  supply  of  Si  atoms 
when  comapred  to  carbon  atoms  [12].  The  Si-rich  SiC  layers  were  also  observed  for 
the  reaction  between  Si  and  other  hydrocarbon  gases  [JOj. 

II.  SEM  morphology 

The  morphology  of  the  (100)Si  surfaces  reacted  at  950CC  are  shown  in  Figure  3 
As  Shown  in  Figure  3(A),  no  defects  were  observed  for  the  samples  reacted  for  7 
minutes.  The  presence  of  defects  was  initially  observed  only  when  the  reaction  time 
was  increased  to  9  minutes  at  950°C  (Figure  3(B)).  Figure  4  shows  the  morphology  of 
the  reacted  (100)  Si  surfaces  at  1000°C.  In  constrast  to  the  samples  reacted  950CC, 
the  presence  of  defects  can  be  observed  for  reaction  times  as  short  as  10  seconds  at 
10003C.  Initially  the  defects  were  nondescriptive,  as  shown  in  Figures  1(A)  With 
increasing  reaction  time,  the  defects  increased  in  size  and  depth  (Figures  1(B))  It  was 
also  observed  (Figure  4)  that  the  defects  began  to  acquire  regular  edges  with  increasing 
time. 

The  high  magnification  micrograph  of  defects,  for  the  reaction  times  of  10 
seconds  and  3  minutes  at  lOOiPC,  were  shown  in  Figure  5.  As  can  be  seen  from  Figure 
5,  the  edges  of  defects  were  more  well-defined  for  reaction  times  of  3  min  than  those 
reacted  for  just  10  seconds.  According  to  Newman  et  al.  [19],  these  edges  of  the  defects 
were  believed  to  be  lying  parallel  to  silicon  <1K)>  directions.  The  formation  of  these 
defects  is  realted  to  the  etching  of  the  substrate  which  exposes  the  (111)  planes  of  Si 
due  to  the  slowest  out-diffusion  rate  of  Si  from  these  planes.  The  resulting  pyramidal 
shape  defects  can  be  seen  (Figure  5(B))  in  accordance  with  this  model. 

III.  Defect  formation  mechanism 

It  is  believed  that  the  defect  formation  is  closely  related  to  the  out-diffusion  of  Si 
during  the  reaction.  Strinespring  et  al.  [20]  argues  that  the  Si  atoms  must  be  supplied 
by  out-diffusion  if  the  product  SiC  layer  exceeded  a  monolayer  in  thickness  beniase  of 
the  nonreactivity  of  the  hydrocarbon  gases  with  SiC.  Since  the  difftteiviiies  of  either  Si 
or  C  through  the  SiC  layer  are  extremely  small,  it  is  thought  that  the  presence  of 
defects  would  provide  a  bypass  route  for  the  out— diffusion  of  Si  atoms.  Therefore,  it  is 
expected  that  the  presence  of  defects  can  be  observed  if  the  reaction  times  arc  greater 
than  9  min.  at  950CC,  becuase  under  these  conditions  ’he  SiC  thickness  will  be  about 
one  monolayer(Equation  (1)). 

The  need  for  the  formation  of  defects  may  also  be  illustrated  by  considering  the 
diffusion  times  (r)  for  a  carbon  or  a  silicon  atom.  The  following  approximate  equation 
may  be  used  to  estimate  these  valves  (21): 


where  D  is  the  bulk  diffusivity  and  i  the  thickness  of  the  SiC  product  layer.  Table  111 
shows  the  values  of  r,  assuming  l  -  5A  (i  t.  about  one  monolayer  of  SiC)  at  different 
temperatures  used  in  this  study.  The  values  of  measured  di ffusi vities  of  C  in  SiC  [22] 
and  Si  in  SiC  [23]  were  used  for  estimating  r  values.  Looking  at  the  r  values  listed  in 
Table  III,  one  can  easily  conclude  that  monolayer  of  SiC  is  a  very  effective  diffusion 
barrier.  Therefore,  the  occurence  of  defects  is  a  necessary  condition  for  the 
out-diffusion  of  Si  and  for  continued  formation  of  SiC  with  thicknesses  equal  to  several 
monolayers.  This  phenomenon  is  consistent  with  the  report  that  SA  of  SiC  layer  could 
act  as  a  barrier  layer  to  block  the  growth  of  metal  silicides  on  Si  surfaces  [24] . 

One  of  the  possible  mechanisms  for  the  formation  of  defects  on  (100)  Si 
substrates  can  be  described  as  follows.  A  Si— rich,  monolayer  thick  SiC  layer  is  first 
obtained  without  the  formation  of  defects.  Since  this  SiC  monolayer  is  an  effective 
diffusion  barrier,  defects  are  formed  to  provide  the  bypass  for  Si  out— diffusion.  The 
sizes  of  the  defects  increases  with  increasing  reaction  times  and  temperatures  and  they 
finally  grow  into  the  Si  substrate  [til.  Meanwhile  the  thickness  of  the  SiC  layer  is 
increased.  Since  these  newly  formed  SiC  layers  again  act  as  a  diffusion  harriers,  defect 
sizes  will  be  increased  to  provide  paths  for  the  out— diffusion  of  Si.  In  other  words,  the 
size  and  the  depth  of  the  defects  increases  with  increasing  time  at  a  given  temperature 
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A  3  B 


Figure  3-  Surface  morphology  of  Si  substrates  reacted  at  950 'C  for  (A)  7  min  (B)  9 
min. 


Figure  4:  Surface  morphology  of  Si  substrates  reacted  at  1000°C  for  (A)  10  sec  (B)  5 
min. 


5:  Surface  morphology  with  high  magnification  of  Si  substrates  reacted  at  lOOlKC  for 
(A)  10  sec  (B)  3  min. 


SUMMARY; 


In  a  horizontal,  hot -wall  CVD  reactor,  the  chemical  conversion  of  (100)Si 
surfaces  into  SiC  was  achieved  at  temperatures  between  950PC  and  1000°C  and  at  low 
pressures  using  C2II2  as  the  carbon  source  The  growth  of  the  SiC  films  was  observed 
through  the  behaviour  of  Siop  peaks  and  their  plasmons.  Because  the  Si  atoms  were 
supplied  faster  than  the  C  atoms,  the  converted  SiC  layers  were  Si— rich.  An  excellent 
quality  SiC  layer  was  obtained  with  smooth  morphology  for  a  7  minutes  reaction  at 
950°C.  Defects  were  observed  when  the  reaction  times  were  longer  than  9  minutes  at 
950°C.  However,  for  the  specimens  reacted  at  1000()C,  the  defects  were  formed  for 
reaction  times  as  short  as  10  seconds.  A  monolayer  thick  SiC  is  formed  for  950°C 
reaction  whereas,  several  monolayer  thick  SiC  is  formed  at  1000CC.  It  is  argued  that 
the  presence  of  defects  provide  effective  paths  for  the  Si  out— diffusion  in  the 
carborization  process.  A  possible  mechanism  for  the  formation  of  defects  was 
proposed. 
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ABSTRACT 

The  effect  of  annealing  the  SCS-6*  SiC  fiber  for  one  hour  at  2000°C  in  an  argon 
atmosphere  is  reported.  The  SiC  trains  in  the  fiber  coarsen  appreciably  and  the  intergranular 
carbon  films  segregate  to  the  grain  junctions.  It  would  appear  that  grain  growth  in  the  outer  part  of 
the  fiber  is  primarily  responsible  for  the  loss  in  fiber  strength  and  improvement  in  fiber  creep 
resistance. 


INTRODUCTION 

SiC  fibers  are  potential  candidates  as  reinforcements  for  high-temperature  ceramic -matrix 
composites.  Thus,  an  understanding  of  the  fiber  microstructure  and  its  relation  to  the  mechanical 
properties  of  the  fiber  is  essential.  In  particular,  it  is  important  to  know  the  changes  that  take  place 
in  the  microstructure  of  the  fibers  that  have  undergone  high  temperature  exposure.  Such  changes 
may  have  a  significant  effect  on  the  high  temperature  mechanical  properties  of  the  fiber.  Thus,  it 
has  been  reported  that  the  tensile  strength  of  SCS-6  fiber  decreases  significantly  after  high 
temperature  annealing  [1,2],  Also,  DiCarlo  found  that  the  creep  resistance  of  thermally  annealed 
fibers  at  temperatures  greater  than  1400X2  was  enhanced  [l|.  In  this  paper,  a  microstructural 
characterization  of  SCS-6  fibers  after  annealing  at  2000°C  in  argon  will  be  presented.  The 
microstructure  of  the  annealed  fiber  is  compared  to  that  of  an  as-received,  un-amrea led,  fiber. 

The  microstructure  of  the  SCS-6  fiber  has  been  already  investigated  in  detail  |3|.  Figure  1 
shows  a  schematic  diagram  of  the  microstructure  of  an  SCS-6  fiber  cross-section. 


FIG.  1  Schematic 
diagram  of  the  cross- 
scctional  microstructure 
of  an  as-received  SCS-6 
fiber  (from  13|). 
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EXPERIMENTAL  PROCEDURE 

SCS-6  fibers  were  annealed  for  1  hour  at  2000°C  in  a  graphite  element  furnace.  The  fibers 
were  enveloped  in  a  graphite  sheet  in  order  to  avoid  contamination.  The  furnace  temperature  was 
measured  with  an  optical  pyrometer  with  an  accuracy  of  ilf^C.  Annealing  was  carried  out  in  an 
argon  atmosphere  (0.1  MPa)  of  commercial  purity.  Annealed  fibers  were  mounted  in  an  epoxy 
mold,  mechanically  polished  and  plasma  etched  for  optical  microscopy.  For  preparing  TEM 
specimens,  a  technique  described  previously  (3]  was  used- 

RESULTS 

The  tensile  strength  of  the  fiber  decreased  from  ~4  GPa  to  0.7  GPa  after  annealing.  Fig.  2  is 
a  cross-sectional  optical  micrograph  of  the  annealed  SCS-6  fiber.  The  coarsening  of  SiC  grains  in 
the  outer  parts  of  the  fiber,  which  corresponds  to  the  SiC-4  region  in  Rg.  1,  can  be  clearly  seen. 


FIG.  2.  Optical  micrograph  of  the  annealed  SCS-6  fiber  cross-section.  The  fiber  was  plasma- 
etched  after  mechanical  polishing. 

According  to  [3J,  the  core  of  the  SCS-6  fiber  -  consisting  of  a  carbon  monofilament  -  and 
also  the  inner  pyrolitic  coating  of  this  core,  consist  of  turbostratic  carbon  blocks  14,5).  The  TEM 
investigation  of  the  annealed  fiber  showed  that  there  are  no  noticeable  changes  in  the 
microstructure  of  the  core  carbon  monofilament  and  the  inner  pyrolytic  carbon  coating  of  the  fiber. 
This  is  both  in  terms  of  the  size  and  the  distribution  of  the  turbostratic  carbon  blocks. 

The  SiC  parts  of  the  fiber,  consisting  of  heavily  faulted  cubic,  (3-phase,  can  be  divided  into 
four  regions  based  on  differences  in  grain  size  and  the  C/Si  ratio  (3],  Within  the  resolution  of  the 
SAM  (Scanning  Auger  Microscopy)  technique,  the  C/Si  ratio  of  the  SiC  layers  decreases  on 
moving  away  from  the  center  to  the  outer  regions  until  the  SiC  becomes  stoichiometric  in  the  SiC-4 

region.  After  annealing,  the  (3-SiC  grains  in  the  SiC-1  layer  immediately  adjacent  to  the  pyrolytic 
carbon  coating,  have  transformed  into  equiaxed  grains  with  sizes  in  the  range  50-150  nm.  Fig.  3 
shows  a  TEM  micrograph  of  this  region.  This  should  be  contrasted  with  the  small  rod-shaped 
particles  with  lengths  of  5  to  15  nm  and  an  aspect  ratio  of  ~!0  in  the  as-received  fiber.  In  Fig.  3. 
each  SiC  grain  is  heavily  faulted  on  that  set  of  { 11 1 }  planes  wwh  is  more  or  less  normal  to  the 
fiber  radial  directions. 

In  going  away  from  the  center,  (  -1  fim  from  the  interface  with  the  inner  carbon  coating)  the 
grain  size  increases  in  the  SiC- 1  region  of  the  as-received  fiber  they  become  longer  (50-150  nm) 
with  the  tease  aspect  ratio  of  jp.  »n  fact,  *he  mt-iriw  grains  oevome  progressively  longer  in 
moving  toward  the  interface  with  the  SiC-2  region.  In  the  annealed  fiber,  however,  the  size  of  the 
equiaxed  round-shaped  grains  is  roughly  uniform  throughout  SiC-1  (Fig.  3). 
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Fig.  3.  Cross-sectional  TEM  micrograph  of  the  SiC-1  region  in  the  annealed  fiber.  Note  the 
coarsened  SiC  grains  and  the  segregated  carbon. 

In  [3],  it  was  suggested  that  the  SiC  grains  are  always  stoichiometric  and  the  non- 
stoichiometry  in  SiC- 1 ,  SiC-2,  and  SiC-3  regions  arises  from  the  presence  of  carbonaceous  films 
at  the  SiC  grain  boundaries.  The  present  investigation  supports  this  suggestion.  Fig.  3  shows 
that  in  these  regions  of  the  annealed  fiber,  the  carbon  films  have  clearly  migrated  from  the  jJ-SiC 
grains  and  have  segregated  to  the  SiC  grain  junctions.  At  these  junctions,  the  carbon  forms  a 
distinctly  separate  phase  with  a  ribbon  morphology  (Fig.  3).  Each  ribbon  is  a  block  of  turbostratie 
carbon  with  an  interplanar  spacing  of  0.34  nm.  The  basal  planes  of  the  ribbon  are  preferentially 
oriented  parallel  to  the  C/SiC  interface.  This  can  be  clearly  seen  in  Fig.  4  which  is  a  HREM 
micrograph  of  the  interface  between  a  carbon  ribbon  and  a  SiC  grain  in  the  SiC- 1  region. 


Fig.  4.  HREM  micrograph  of  the  interface  between  a  segregated  carbon  ribbon  and  a 
coarsened  SiC  grain. 
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From  an  analysis  of  (he  TEM  micrographs,  the  atomic  concentration  of  carbon  in  this  region 
is  estimated  to  be  57.7%  which  is  consistent  with  Auger  results  obtained  from  the  as-received  fiber 
(3,5).  This  implies  that  the  carbon  concentration  does  not  change  with  annealing. 

Unlike  the  SiC-1  layer,  the  microstructures  of  SiC-2  and  SiC-3  layers  are  essentially  the 
same  as  that  of  the  as-received  fiber:  they  consist  of  columnar  grains  with  an  aspect  ratio  of  5- 10. 
The  one  noticeable  difference,  however,  is  that  the  TEM  images  of  the  SiC  grains  are  much 
sharper  in  the  annealed  fiber.  We  think  that  the  reason  for  this  lies  in  the  fact  that  the  carbon, 
instead  of  forming  a  thin  film  covering  the  SiC  grains,  has  segregated  at  the  junctions  of  the  SiC' 
grains  during  annealing.  The  estimates  of  carbon  concentration  in  these  two  regions  are  consistent 
with  those  of  the  as-received  fiber  as  determined  by  Auger  spectroscopy  (3).  In  the  latter  case,  the 
carbon  could  not  be  actually  imaged,  because  it  was  distributed  diffusely  around  the  SiC  grams. 
The  morphology  and  the  structure  of  carbon  segregams  in  these  two  regions  are  similar  to  those  in 
the  SiC-1  region,  except  that  the  carbon  concentration  is  lower  (55.3  atom  %  and  53.8  atom 
respectively). 

After  annealing,  the  microstructure  of  the  inner  part  of  SiC-4  immediately  adjacent  to  SiC-3 
remained  unchanged  within  a  thickness  of  -3  pm.  This  can  be  clearly  seen  in  Fig.  5. 


Fig.  5.  TEM  micrograph  of  the  SiC-3/SiC-4  interface.  The  SiC-3  region  and  the  inner  (-3  pm) 
part  of  the  SiC-4  region  are  very  similar  to  the  same  regions  in  the  as-received  fiber,  except 
for  the  carbon  segregation  to  the  junctions  of  the  SiC  grains  in  the  SiC-3  layer.  The  grains  in 
the  outer  parts  of  SiC-4  are  greatly  coarsened. 

The  contrast  of  (3-SiC  grains  in  the  SiC-3  region  of  the  annealed  fiber  is  much  sharper  than  it  was 
in  the  as-received  fiber  presumably  due  to  carbon  segregation  and  the  consequent  removal  of  the 
carbon  films  enveloping  the  grains  during  the  anneal. 

The  grains  in  the  rest  of  the  SiC-4  layer  are  greatly  coarsened  by  a  factor  of  5-20.  Unlike 
the  as-received  fiber,  where  the  shape  of  the  grains  is  rod-like,  the  grains  change  to  an  equiaxed 
morphology  with  a  diameter  of  a  few  microns  (on  average  -3  pm).  Fig.  6  is  an  image  of  the 
coarsened  SiC  grains  in  the  SiC-4  region.  The  degree  of  preferred  orientation  in  this  region  is 
lower  as  compared  to  the  same  region  in  the  as-received  fiber.  No  carbonaceous  region  has  been 
found  in  the  SiC-4  region  both  before  and  after  annealing.  The  absence  of  intergranular  carbon 
films  in  this  region  is  consistent  with  the  suggestion  that  the  SiC-4  region  is  stoichiometric  in  the 
as-received  fiber  (3].  The  driving  force  for  the  particle  coarsening  during  annealing  is  partially 
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from  thermoactivation,  and  partially  from  the  relaxation  of  residual  stresses  which  arise  during  the 
CVD  deposition  [1], 


Fig.  6.  TEM  micrograph  of  the  outer  part  (>3  ym  from  the  SiC-3/SiC-4  interface)  of  SiC-4 
layer.  The  SiC  grains  are  greatly  coarsened. 


As  reported  earlier  (3-6],  the  outermost  fiber  coating  is  a  multilayer  composite  by  itself 
consisting  of  a  carbon  matrix  reinforced  with  different  densities  of  p— SiC  particulates  of  varying 
sizes.  The  fiber  coating  can  be  divided  into  three  sublayers  (see  Fig.  1):  sublayers  1  and  3,  with 
slightly  different  thicknesses  (1.7  ym  and  1.3  tun,  respectively),  have  essentially  the  same 
microstructure  of  SiC-reinforced  carbon  while  sublayer  2  is  a  -0. 1  ym  thick  carbonaceous  region 
with  basically  no  SiC  particulates.  Sublayer  2  separates  sublayers  1  and  3  and  is  the  weakest 
region  in  the  coating  [6|.  After  annealing,  there  is  an  even  clearer  distinction  between  the  three 
sublayers.  The  reason  is  that  the  coarsening  of  SiC  panicles  in  the  B  zone  (the  SiC-rich  region, 
see  (3])  of  sublayers  1  is  much  greater  (from  5  nm  to  200  nm )  than  the  coarsening  in  the  A  zone 
(the  SiC-poor  region,  see  [3])  (from  30  nm  to  100  nm). 


Fig.  7.  Cross-sectional  TEM  micrograph  of  the  outermost  coating  of  the  SCS-6  fiber  after 
annealing. 
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As  in  the  as-received  fiber,  the  density  of  SiC  particles  is  much  higher  in  the  B  zones  than  in 
the  A  zones  (Fig.  7)  and,  as  a  result,  the  Si/C  ratio  is  higher  in  the  former  than  in  the  latter  zones. 
This  is  also  the  case  in  the  as-received  fiber  where  the  Si/C  ratio  was  determined  by  PEELS  (see 
Fig.  19  in  [3]).  The  absence  of  SiC  particles  in  sublayer-2  can  be  clearly  seer  in  Fig.  7  A!!  the 
carbonaceous  material  in  the  coating  is  graphitized  to  different  degrees  ,5]  implying  that  the 
turbostratic  carbon  blocks  are  more  ordered  as  compared  to  the  same  regions  in  the  un-annealed 
fiber.  The  graphitization  is  highest  in  sublayer  2  which  could  be  due  to  the  absence  of  SiC 
particles  in  this  layer. 


DISCUSSION 

The  reason  for  the  larger  grain  growth  in  SiC-4  (~30  p m)  than  in  SiC- 1  (-5  pm)  could  be 
the  presence  of  carbon  films  in  the  latter.  During  annealing,  the  extra  carbon  must  first  diffuses 
along  the  SiC  grain  boundaries  and  segregates  at  the  grain  junctions.  Subsequent  to  this,  the  SiC 
grains  will  be  interconnected  and  the  process  of  SiC  grain  growth  can  proceed,  if,  however,  the 
annealing  time  is  not  sufficiently  long,  or  the  annealing  temperature  is  not  sufficiently  high,  SiC 
grain  growth  in  the  carbon-rich  regions  will  be  much  slower,  or  may  not  even  occur.  On  the  other 
hand,  in  the  stoichiometric  SiC-4  region,  where  no  carbon  films  envelope  the  SiC  grains,  grain 
growth  can  immediately  start  on  annealing.  Thus,  the  growth  rate  will  be  higher  in  this  region  than 
in  the  carbon-rich  regions  (FiC-1,  SiC-2,  and  SiC-3). 

Because  the  SCS-6  fiber  has  a  composite  microstructure,  under  tensile  loading  the  outer 
region,  i.e.  SiC-4,  is  the  primary  element  controlling  bulk  properties  such  as  fiber  creep.  It  would 
appear  then  that  the  enhanced  creep  resistance  after  annealing  is  primarily  the  result  of  grain  grow  th 
in  the  SiC-4  region.  Since  the  other  film  regions  show  much  less  change  after  annealing,  it  would 
appear  that  this  grain  growth  is  also  responsible  for  the  loss  in  film  strength. 


CONCLUSION 

There  are  significant  changes  in  the  microstructure  of  the  SCS-6  fiber  after  annealing  at 
2000°C.  The  changes  are  least  in  the  carbon  monofilament  and  the  pyroiitic  coatings  of  the  fiber 
In  the  SiC- 1  region,  the  SiC  grains  coarsen  and  change  their  morphology  from  rod- like  to 
equiaxed.  In  addition,  in  this  region,  the  carbon  films  enveloping  the  SiC  grains  segregate  :o  the 
grain  junctions.  There  are  little  changes  after  annealing  in  the  morphology  and  grain  size  of  SiC  in 
the  SiC-2  and  SiC-3  regions  except  for  the  segregation  of  the  extra  carbon  to  the  comers  of  the  SiC 
grains.  Except  for  the  innermost  3  pm  region,  the  SiC  grains  in  other  parts  of  SiC-4  layer  are 
coarsened.  There  is  graphitization  of  the  outermost  carbonaceous  coating  after  annealing  and 
coarsening  of  the  SiC  particles  within  the  coating.  The  graphitization  occuis  to  different  extents  in 
the  different  regions  of  the  coating.  The  changes  in  the  fiber  microstructure  on  annealing  is 
accompanied  with  changes  in  the  mechanical  properties  of  the  fiber.  The  observed  decrease  in  the 
strength  of  the  fiber  and  increase  in  creep  resistance  appears  to  be  the  result  of  the  grain  coarsening 
in  the  SiC-4  region. 
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ABSTRACT 

Plasma-assisted  chemical  vapor  deposition  (PACVD)  is  used  extensively  to  coat  planar 
(2-dimensional)  substrates.  In  principle,  the  technique  can  be  used  to  deposit  coatings  on 
3-dimensional  objects.  However,  extending  PACVD  to  s  cat  3-dimensional  objects  uniformly 
requires  careful  control  of  the  plasma,  substrate  temperature,  and  reactant  concentrations  over 
a  large  volume.  A  novel  low-temperature  radio  frequency  PACVD  reactor  design  was  devel¬ 
oped  to  depr.eit  coatings  uniformly  and  reproducihly  on  3-dimensional  metallic  substrates  The 
design  features  a  temperature-controlled  reaction  chamber  fitted  with  one  or  more  rf-driven 
electrodes  to  generate  uniform,  large-volume  plasma  The  reactor  was  used  to  develop  a  series 
of  silicon  carbide  coatings,  which  were  deposited  at  or  below  500"C  The  coatings  contain  SiC 
and  varying  amounts  of  free  silicon  rmi/or  amorphous  carbon  (diamond-like  carbon),  depending 
on  reagent  gas  composition  am!  reactor  operating  parameters.  The  coatings  significantly 
reduced  wear  on  stainless  steel  samples  in  ball-on-disk  and  abrasive  wear  tests  and  provided 
oxidation  protection  to  molybdenum  and  titanium  alloy. 


INTRODUCTION 

Chemical  vapor  deposition  (CVD)  processes  are  used  routinely  to  fonn  coatings  on 
complicated  3-dimensional  substrates  such  as  cutting  tools  and  rocket  nozzles  Plasma-assisted 
CVD,  however,  has  been  largely  limited  to  electronic  applications,  principally  for  fabricating 
electronic  devices  PACVD  has  also  been  studied  for  tribological  applications,  and  published 
papers  on  the  subject  go  back  at  least  to  the  late  1970s  and  early  1980s  1 1 ,2).  The  deposi¬ 
tion  technique  has  several  advantages  over  conventional  CVD.  because  hard,  adherent  coatings 
can  be  formed  at  relatively  low  temperatures  (typically  less  than  600°C  vs.  more  than  lOOlf'C 
for  CVD)  In  PACVD  the  reagent  gases  are  dissociated,  excited,  and  partially  ionized  by 
energetic  plasma  electrons,  which  have  temperatures  of  5.000  to  20.000  K.  The  activated 
reagent  species  combine  chemically  on  all  surfaces  exposed  to  the  plasma  and  are  not  limited 
by  "line-of-sight",  as  in  physical  vapor  deposition  processes. 

This  paper  describes  a  PACVD  techniqi,  •  which  deposits  hard  ceramic  coatings  on 
3-dimensional  metallic  substrates.  The  coating  material  most  extensively  studied  has  been 
silicon  carbide;  the  coatings  have  varyinr  amounts  of  free  silicon,  stoichiometric  SiC,  and 
diamond-like  carbon  (DLC).  The  composition  was  controlled  by  varying  the  flow  ratio  of 
carbon-  and  silicon-carrying  reagent  gases  and  reactor  operating  parameters;  coating  hardness 
was  found  to  be  directly  related  to  the  C/Si  atomic  ratio  in  the  deposited  material 


REACTOR  DESIGN 

The  capability  to  coat  1-dimensional  components  is  provided  by  the  PACVD  reactor 
chamber  design  shown  in  Fig.  1.  Substrates  with  dimensions  up  to  8  cm  in  length  and  3  cm 
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Fig  I  Oiagnun  of  PACVD  reactor  deposi¬ 
tion  volume. 


wide  are  hung  from  a  re-entrant  cylindrical 
well;  the  well  is  electrically  isolated  so  that 
dc  bias  can  be  applied  to  the  substrates 
Reagent  gases  are  injected  into  the  dis¬ 
charge  through  a  perforated  stainless  steel 
ring  mounted  above  the  nichrome  heater 
assembly.  Rf  power  from  an  amateur  radio 
transmitter  is  applied  to  a  lb  cm  diameter 
stainless  steel  plate,  which  is  mounted  by 
stand-off  insulators  on  a  grounded  plasma 
shield.  The  rf-driven  plate  is  located 
approximately  12  cm  below  the  end  of  the 
re-entran'  well  Initial  depositions  with 
simple  parallel-plate  electroties  resulted  in 
poor  coating  uniformity  because  of  plasma 
inhomogeneity  The  brightest  plasma  was 
formed  near  the  rf-driven  plate,  and  depo¬ 
sition  occurred  principally  from  the  bright 
plasma.  This  problem  was  solved  bv  add¬ 
ing  a  vertical  stainless  steel  post  at  the 
center  of  the  rt -driven  plate;  the  I  3  cm 
diameter  post  is  l(i  cm  long,  so  that  its  end 
is  about  2  cm  from  the  re-entrant  well  and 
I  to  2  cm  from  the  substrates  to  he  coated 
The  plasma  is  visibly  more  uniform  and  the 
coatings  are  of  nearly  constant  thickness 
since  the  addition  of  the  central  electrode 
post 


SILICON  CARBIDE  DEPOSITIONS 

Silicon  carbide  was  deposited  umiet  a 
broad  range  of  reactor  operating  conditions 
and  on  several  substrate  materials  Typical 
process  parameters  are  listed  in  Table  1.  the 
most  extensively  studied  substrate  type  was 
304  stainless  steel.  As  many  as  5  rectang¬ 
ular  coupons  with  dimensions  of  2  b 4  by 
7.62  by  0.16  cm  were  hung  vertically  in  the 
reactor,  oriented  as  shown  in  Fig.  I  Para¬ 
meters  varied  dm  mg  the  studies  included 
reagent  gas  Slow-  rates  and  pressure,  drive 
frequency,  substrate  bias,  and  deposition 
temperature 

Table  I  Typical  deposition  pniimictins 
for  silicon  carbide  toannes 


Pressure 

1  emperature 

6b  to  265  Pa 

450  to  sure 

Reagent  gas  flow  rate: 
SiHa 

CHj 

Ar 

5  to  17,5  seem 

10  to  15  seem 

15  seem 

Rf  excitation: 

Frequency 

Power 

1.8  to  14  MH/ 
250  watts 

Dc  bias 

0  to  -200  volts 

After  deposition,  coatings  were  ana 
Ivzed  for  thickness,  hardness,  elemental 
composition,  crystallinity  and  crystalline 
phase.  Although  all  reactor  operating  pa¬ 
rameters  had  some  effect  on  SiC  coating 
composition  and  properties.  the  most  strik¬ 
ing  were  caused  by  variations  of  the  meth¬ 
ane/silane  concentration  ratio  X-ray  dif¬ 
fraction  analysis  of  coatings  fiont  deposi 
tions  in  which  the  C/Si  ratio  in  the  feed  gas 
was  varied  between  I  and  3  (detennined  In 
the  flow  rates  of  <  1 11  rtttl  SiH,'  revealed 
that  the  coatings  contained  low-crystalline 
SiC  or  a  mixture  of  Si  and  SiC  Laser 
Ram.ai  spectroscopy  confirmed  the  presence 
of  Si  and  SiC  and  also  showed  diant  .1  - 
like  carbon  (DLC)  in  coatings  formed  with 
C/Si  ratios  higher  than  about  1  Several 
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samples  analyzed  by  the  nitrogen  nuclear  reaction  technique  were  found  to  have  between  21 
and  2(i  atomic  percent  of  hydrogen,  with  higher  values  corresponding  to  films  with  high  carbon 
concentration  Tile  coating  color  ranged  from  a  light  metallic  grey  in  Si-rich  to  a  dull  giey 
brown  for  C  rich  material. 

X  ray  photoelectron  spectroscopy  and  Vickers  hardness  testing  under  0  2S  N  load  showed 
strong  correlation  between  C/Si  atomic  ratio  in  til '  feed  gas  and  coating  composition  and  hard 
ness  Fig  2  is  a  plot  of  C'/Si  atomic  ratio  in  the  coating  as  a  function  of  CH4/SiH4  molecular 
ratio  in  the  reactor  feed  gas;  in  the  regime  studied,  there  is  a  nearly  linear  relationship  between 
coating  composition  ratio  and  C/Si  atomic  ratio  in  the  reagent  gas.  Fig.  3  shows  die  relation¬ 
ship  between  C/Si  atomic  ratio  in  the  coating  and  hardness;  also  shown  are  the  approximate 
regimes  in  which  Si  plus  SiC.  Si  plus  SiC  plus  DLC.  and  SiC  plus  DL.C  were  found  in  the 
coatings.  Clearly,  the  harder  coatings  were  those  containing  high  carbon  concentrations  and 
DLC. 


GAS  CM.  SIM,  CONCENTRATION  RATIO 


Fig.  2.  Deposited  C/Si  atomic  ratio  as  a 
function  of  CH„'SiH4  reagent  gas 
concentration  ratio.  Line  is  least- 
squares  fit  to  data 


COATING  EVALUATION 


Fig  3.  Vickers  hardness  (0.25  N  load t 
of  coating  v.t.  deposited  C/Si 
atomic  ratio.  Also  shown  are 
approximate  regimes  which  coat 
iugs  consist  of  Si  plus  SiC.  Si 
phis  SiC  pi  its  PIC.  .Hid  Si  f  plus 
DLC.  Curve  shows  only  trend  ot 
data. 


A  scries  of  depositions  was  performed  on  AM  350  stainless  steel  wear  disks,  abiasive  wear 
coupons,  molybdenum,  and  titanium  alloy  oxidation  coupons  for  coating  evaluation  studies. 
Table  11  summarizes  the  resulting  coating  properties. 


Friction  and  Wear  Tests 


Friction  and  wear  tests  on  coated  AM  355  precipitation-hardened  stainless  steel  wear  discs 
were  pet  formed  at  the  Centre  Suisse  J'Electronique  et  de  Microtechnique  (CSEM>.  Nruchairl. 
Switzerland,  using  a  hall-on-disk  trihometer  All  ten:;  were  performed  on  2  53  ■  ni  diameter. 
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Table  II  Properties  of  PACYD  matings  fi>r  evaluation  studies 


Coating 

Code 

Composition 

C/Si 

Coating 

Ratio 

Vickers 

hardness 

(GPa) 

Thickness 

(pm) 

A 

Si  +  SiC 

0.63 

17.8 

2.7 

B 

Si  +  SiC 

0.71 

1 2.5 

2.9 

C 

Si  +  SiC 

0.83 

17  5 

3.4 

D 

Si  +  SiC 

0.89 

20,1 

2.  > 

E 

SiC  +  DLC 

1.7 

45.5 

3.4 

0.32  cm  thick  wear  disks,  with  a  0.6  cm  d'ameter,  uncoated,  hardened  52-100  chromium  steel 
ball.  Testing  continued  for  a  minimum  i  f  4,000  revolutions  at  a  constant  load  of  5  N  and  a 
relative  surface  speed  of  10  cm/s.  The  tests  were  performed  unlubricated,  in  air  at  l‘,f  relative 
humidity,  and  lubricated  with  Mobil  SHC  626  oil.  An  uncoated  control  disk  and  coated  spec i 
mens  front  three  PACVD  runs  were  lightly  polished  and  cleaned  with  dry  eth.inol  prior  to  test 
ing  Fuction  coefficient  was  calculated  from  the  applied  contact  force  and  measured  drag 
force;  wear  rate  per  unit  contact  force  was  calculated  from  the  measured  volume  loss  at  the  end 
of  the  test. 

Table  III  shows  measurements  of  friction  coefficients  and  wear  rates  for  dry  and  ubricated 
environments.  Although  the  friction  coefficient  appears  to  be  little  influenced  by  the  coatings, 
it  is  clear  that  the  wear  rate  in  the  unluhricated  dry  and  lubricated  environments  was  signifi¬ 
cantly  reduced  by  the  coating  containing  SiC  plus  diamond-like  carbon.  This  was  particularly 
true  for  the  test  with  oil  lubricant,  where  no  measurable  wear  was  noted  on  the  coated  disks 
after  1.6x10'’  revolutions. 


Table  III  Ball  on  disk  fr  iction  and  wear  testing  results. 


Dry 

Lubricated 

Coating 

Code 

Friction 

Coeff 

Wear  Rate* 

( 10”  nr  N't 

Friction 

Coeff 

Wear  Rate* 
tIO  "  nr  N  ') 

Uncoated 

mm 

322 

0.06 

0.06 

A 

mm 

74 

0.07 

1  x  1  O' 

B 

E 

96 

0  07 

1  x  10 5 

E 

mm 

23 

0.07 

1x10' 

Tabulated  wear  rates  are  the  sum  of  disk  and  ball  wear  measurements 


Abrasive  We ar  Testing 

A  Model  503  Teledyne  Taber  tester  was  used  to  study  the  abrasive  wear  properties  of  SiC 
coatings  from  runs  B,  C,  and  E.  The  coated  specimens  and  an  uncoated  control  were  tested 
using  a  mild  CS-I7  abrasive  wheel  at  a  constant  load  of  9.8  N.  The  test  procedure  involved 
(a)  abrading  uncoated  and  coated  test  specimens  for  a  pre-spectfted  number  of  revolutions;  (hi 
wiping  specimens  with  a  cloth  lightly  wetted  w-ith  methanol  to  remove  debris,  (c)  examining 
the  specimens  for  weight  loss  and  coating  failure,  and  (d)  repeating  steps  (a),  (h).  and  (c)  until 
coating  failrne. 


The  coaled  s|>ecmiens  tested  with  the  mild  abrasive  CS  17  wheel  showed  considerably 
lower  wear  rates  than  the  uneoated  eoulrol,  which  showed  a  weight  loss  ot  IS  mg  otter  Id.tKHi 
revolutions  Hie  weight  loss  of  the  coatings  from  runs  B.  (',  and  K  was  I  I,  I  7  and  '  |  mg, 
respectively.  Apparently  the  softer,  more  ductile  coatings  containing  a  mixture  ot  Si  and  SiC 
had  Itetter  resistance  to  abrasive  wear  than  the  harder  coating  containing  St.  SiC,  and  1)1  ( 


OxiciatHui  Testing 

Molybdenum  and  Ti/6.AI/4V  specimen'  coated  in  nin  D  were  tested  to  detennme  then 
oxidation  behavior  at  temperatures  equal  to  or  less  than  b50'C  An  uneoated  and  the  SiC 
coated  Mo  specimens  were  heated  in  a  muffle  furnace  to  650  C  in  flowing  air,  the  samples 
were  removed  periodically  from  the  furnace  and  inspected  for  coating  integrity  and  weight 
change  Test  results,  summarized  in  Table  IN',  showed  a  significant  weight  gain  bv  the  mi 
coated  Mo  specimen  after  1 2  hour  exposure  to  650'  C  air  Tfte  2  6  pm  thick  coating  provided 
excellent  resistance  to  oxidation;  the  sample’s  weight  increased  insignificantly  during  the  I  HO 
hour  test  Scanning  electron  microscopy  < SliM )  after  4X  hours  of  testing  showed  that  the  coat¬ 
ing  was  developing  surface  cracks,  although  no  weight  change  was  measured  Energy  dicpei 
stve  spectroscopy  identified  no  Mo  or  other  foreign  elements  in  and  around  the  surface  cracks 

Uneoated  and  coated  Ti/6A1/4Y  samples  were  heated  in  the  muffle  furnace  in  air.  for  24 
hours  at  550  C  and  at  600°C  for  tb*  remainder  of  the  test.  The  specimens  were  removed  pert 
odically  from  the  furnace  for  inspec  ion  of  coating  integrity  ...id  weight  change  As  shown  m 
Table  IV.  little  weight  variation  occurred  for  the  initial  24  hour  period,  at  which  tunc  the  tem¬ 
perature  was  increased  to  accelerate  oxidation  The  small  weight  gain  of  the  coated  Ti/6AI/4V 
specimen  gives  a  clear  indication  that  the  SiC  coating  provided  oxidation  piotecliuu 


Table  IV  Weight  gain  (nig)  <>/  spcci  ,  nts  during  oxidation  testing  m  mi 


Coating 

Code 

X  hrs 

12  hrs 

24  hrs 

56  hrs 

- - - 

108  hrs 

180  hrs 

m 

l<>2  hrs  | 

i 

Molybdenum  Specimens 

1 

Uneoated 
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CONCIa  ..SIONS 


Uniform,  adherent  SiC  coatings  have  ireen  deposited  at  low  temperature  by  PACVD  on 
"  5-dimensional"  substrates  of  several  different  metals.  The  coatings  have  a  wide  range  of 
composition  and  physical  properties,  depending  principally  on  the  composition  of  the  reactant 
gas  mixture  The  coatings  were  shown  to  improve  friction  and  wear,  abrasive  wear,  ami  oxida¬ 
tion  behavior  of  several  substrate  metals  and  offer  potential  for  applications  such  as  hearing 
races,  cutting  tools,  thread  guides,  and  parts  in  hot  engines.  The  PACVD  process  is  compatible 
with  many  other  coating  niuiei lals,  for  which  a  wide  range  of  applications  should  lie  found 
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ABSTRACT 

Thin  film  properties  of  LPCVD  TiN  barriers  deposited  on  Si(100),  using  TiC4 
and  NH3  as  reactants,  were  investigated  as  a  function  of  deposition  temperature 
between  400  °C  and  700  °C.  The  TiN  film  chemistry  and  film  composition  were 
studied  by  AES  and  RBS  techniques,  while  the  microstructural  properties  (grain 
size,  lattice  parameter  and  texture)  were  evaluated  by  XRD.  The  TiN  deposition 
rates  and  film  resistivities  were  also  determined.  Finally  the  film  properties  of 
the  TiN  barriers  as  determined  by  surface  analysis  were  related  to  the  process 
parameters. 


INTRODUCTION 

In  the  microelectronics  industry  titanium  nitride  (TiN)  is  primarily  used  as  a 
barrier  layer  to  prevent  interdiffusion  of  silicon  and  aluminum  metallization,  and 
as  an  adhesion  layer  prior  to  LPCVD  blanket  tungsten  deposition  [1  -  8], 
Conventionally,  TiN  films  are  deposited  by  reactive  sputtering  or,  by  thermal 
nitridation  of  sputtered  titanium  layers.  As  integrated  circuit  (IC)  feature  sizes 
shrink  to  deep  submicron  dimensions,  films  produced  by  these  techniques  suffer 
from  poor  step  coverage,  especially  in  submicron  contact  holes  with  high  aspect 
ratios,  causing  barrier  and  adhesion  properties  to  degrade.  However,  TiN  films 
produced  by  low  pressure  chemical  vapor  deposition  (LPCVD  TiN)  provide 
excellent  step  coverage  and  good  diffusion  barrier  characteristics  [1  -  8]. 


EXPERIMENTAL 

LPCVD  TiN  depositions  were  carried  out  in  a  rapid  thermal  chemical  vapor 
deposition  (RTCVD)  system,  which  is  a  load  locked,  single-wafer  cold  wrall  reactor, 
with  linear  cassette  to  cassette  wafer  transfer.  The  substrate  is  radiantly  heated 
from  the  backside.  A  thermocouple  in  contact  with  the  center  of  the  substrate's 
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backside  provides  closed  loop  temperature  control  within  +  \%  of  set  point.  TiN 
depositions  on  Si<100>  were  carried  out  between  400  °C  and  700  °C  using  TiC'U 
and  NH3  reactants  with  Ar  as  a  carrier  gas.  TiN  films  were  characterized  by  Auger 
electron  spectroscopy  (AES),  Rutherford  backscattering  (RBS),  x-ray  diffraction 
(XRD)  and  transmission  electron  microscopy  (TEM).  Oxygen  and  carbon  contents 
were  determined  from  AES.  Chlorine  levels  were  determined  by  both  AES  and 
RBS.  Sheet  resistance  of  the  films  was  measured  with  a  Prometrix  four  point 
probe.  Film  resistivities  were  derived  from  the  sheet  resistances  and  film 
thickness.  Film  thicknesses  were  measured  by  x-ray  fluorescence  and  calibrated 
with  cross-sectional  TEM.  Deposition  rates  were  calculated  from  the  thickness  of 
deposited  TiN  film. 


RESULTS  AND  DISCUSSION 
Film  chemistry 

An  Auger  spectrum  (AES)  of  an 
LPCVD  TiN  film  deposited  at  650  °C  is 
shown  in  Figure  1.  The  Auger  peak 
intensities  for  Ti+N  (380  eV),  Ti  (418 
eV),  O  (503  eV),  Cl  (181  eV),  and  Si  (92 
eV)  in  TiN  films  formed  at  400  °C  and 
700  °C  are  shown  in  Figures  2A  and  28, 
respectively. 
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Figure  1 

Titanium  nitride  (TiN)  films  are 
formed  at  all  deposition  temperatures,  and 
have  uniform  composition  across  entire 
film.  Increase  in  the  TiN  film  thickness 
was  observed  with  increasing  deposition 
temperature.  Depending  on  deposition 
temperature,  varying  amounts  of  chlorine 
(Cl),  and  oxygen  (O)  impurities  are  found  in 
the  TiN  films.  No  significant  level  of 
carbon  was  detected  in  any  of  the  TiN  films. 
For  the  films  deposited  at  650  °C  and  700 
°C,  the  bulk  of  the  TiN  layer  is  oxygen  free. 
The  O  content  is  relatively  low  in  all  the 
films  (7.7  at%  to  2  9  af%),  and  they  are 
comparable  to  the  levels  typically  found  in 
reactively  sputtered  TiN  films  [4). 


Figure  2 
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In  contrast  to  oxygen  behavior,  the  Cl  content  of  these  films  show  a 
correlation  with  the  deposition  temperature.  With  increasing  deposition 
temperature  a  decreasing  Cl  content  was  measured.  Films  deposited  at  700  °C 
contained  as  little  as  1  at%  Cl.  A  similar  trend  in  the  chlorine  behavior  has  been 
reported  by  several  workers  12,  3,  5  -  9], 


Film  composition 


RBS  was  conducted  to  accurately  determine  the  stoichiometry  of  the  TiN. 
AES  measurements  were  compared  to  the  composition  determined  from  RBS. 
The  [Ti+N)3go  eV  :  [Ti]4l8  eV  Auger  peak  height  ratio  was  used  as  a  relative 
measure  of  the  TiN  stoichiometry. 

Table  I 


It  is  apparent  from  Table  1  that  the 
stoichiometry  of  all  films  is  the  same 
regardless  of  deposition  temperature. 
The  RBS  measurements  revealed  that 
the  N:Ti  ratio  is  1.1  (±0.05)  for  all  the 
films  examined,  which  is  in  good 
agreement  with  the  AES  data.  Thus  no 
substantial  variation  in  the 
stoichiometry  of  the  films  was  found. 


LPCVD  TIN,  FILM  COMPOSITION 
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In  the  present  single  wafer  RTCVD  reactor,  higher  deposition  rates  were 
achieved  compared  to  deposition  rates  of  30  -  65  A/min  obtained  in  a  hot-wall 
system  reported  earlier  [2].  At  lower  temperature  (400  °C),  the  deposition  rate  is  - 
80  A/min.  It  rises  to  =  420  A/min  in  the  higher  temperature  range. 


Film  growth  kinetics 

The  typical  LPCVD  TiN  growth  rate 
for  the  single  wafer  RTCVD  system  is 
shown  in  Figure  3.  As  shown  the  TiN 
deposition  rate  is  a  strong  function  of 
deposition  temperature.  This  implies 
that  the  kinetics  of  TiN  deposition 
process  is  primarily  controlled  by  the 
surface  temperature. 


DEPOSITION  TEMPERATURE  (X) 


700  650  550  400 


Figure  3 
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Figure  4  shows  the  excellent 
conformality  of  a  TiN  film  in  a  06  gm 
contact,  a  feature  normally  attributed  to 
surface  controlled  reactions.  From  the 
slope  of  the  Arrhenius  plot  (/o#  of 
deposition  rate  versus  reciprocal 
temperature)  in  Figure  3,  an  activation 
energy  of  35  +  1  kj/mol  was  determined. 
Srinivas  et  al  have  reported  an  activation 
energy  of  40  kj/mol  for  TiN  deposition 
from  TiCl4  and  NH3,  which  is  in  close 
agreement  with  our  results  |3j.  The 
reported  value  of  the  activation  energy  for 
TiN  deposition  from  T1CI4,  NH3  and  H2 
source  was  61  kj/mol  15). 

Figure  4 


Film  resistivity 

The  measured  resistivity  of  TiN 
films  as  a  function  of  deposition 
temperature  is  displayed  in  Figure  5. 
With  increasing  deposition 
temperature,  a  decreasing  resistivity  was 
measured.  A  similar  relation  was 
observed  for  the  Cl  content  of  TiN  films. 
TiN  film  resistivity  on  the  order  of  85 
gQ-cm  is  obtained  for  a  670  °C 
deposition  process  as  a  result  of 
optimized  annealing  (filled  square).  In 
our  previous  study,  a  value  of  47  gii-cm 
was  obtained  for  the  LPCVD  TiN 
deposited  at  750  °C  using  a  quartz  hot 
wall  reactor  [2].  Yokoyama  et  al 
reported  LPCVD  TiN  resistivity  value  of 
80  gJJ-cm  for  700  °C  deposition  process 
in  good  agreement  with  the  value 
reported  here  [8J. 

Film  structural  properties 


LPCVD  TiN  on  Si(100) 


DEPOSITION  TEMPERATURE  (°C) 
Figure  5 


Thin  film  XRD  patterns  of  TiN  films  formed  at  400  °C  and  700  °C  are  shown 
in  Figure  6A  and  6B,  respectively.  Crystalline  d  -TiN  phase  (NaCl  type,  fee)  was 
observed  regardless  of  deposition  temperature. 
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The  XRD  results  also  revealed  that 
these  polyerystalline  TiN  films  exhibit 
<100>  preferred  orientation.  The 
variation  in  average  grain  size  as 
determined  from  the  half-width  value 
of  <200>  X-ray  line,  and  using  plan  view 
TEM  images  is  shown  in  Figure  7. 


LPCVD  TINonSiflOO) 
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Figure  7 

Film  surface  roughness 
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Figure  6 
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An  increase  of  about  50%  in  the 
average  grain  si2e  was  observed  in  the  TiN 
film  deposited  at  700  °C.  An  increase  in 
the  lattice  parameter  with  increasing 
temperature  was  observed.  The  value  for 
the  TiN  film  deposited  at  700  °C  was  about 
0.9%  smaller  that  of  bulk  TiN  {4.24  A). 
This  is  presumably  due  to  stress  in  the  film 
[101. 


Figure  8  is  a  cross-sectional  TEM  of  the  TiN  film  deposited  at  700  °C  showing 
strong  columnar  growth. 

15  run 


Figure  8 


The  structure  of  the  columns  is  fcc-like  titanium  nitride  with  predominantly 
<100>  texture.  The  TiN  surface  roughness  is  on  the  order  of  15  -  20  nm  for  the 
film  deposited  at  700  °C,  while  the  film  deposited  at  400  °C  has  much  smoother 
surface.  Thus,  increasing  the  deposition  temperature  produces  larger  TiN  grains 
and  rougher  surface  morphology. 
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CONCLUSIONS 

Stoichiometric  TiN  films  were  deposited  using  an  RTCVD,  single-wafer 
reactor  system.  Composition  was  uniform  in  the  TiN  film.  Depending  on 
deposition  temperature,  varying  amounts  of  chlorine  and  oxygen  impurities  are 
found  in  the  TiN  films.  The  TiN  deposition  process  is  surface  reaction  controlled 
with  an  activation  energy  energy  of  35  kj/mol.  Excellent  TiN  film  conformality 
was  observed.  The  electrical  resistivity  of  the  TiN  films  was  found  to  decrease 
with  increasing  deposition  temperature.  While  increasing  the  deposition 
temperature  increases  the  TiN  film  growth  rate,  it  also  produces  larger  TiN  grains 
and  rougher  surface  morphology.  The  TiN  films  have  crystalline  d  -TiN  phase 
(NaCl  type,  fee)  with  predominantly  <10Q>  orientation. 

ACKNOWLEDGMENTS 

We  would  like  to  thank  Fabio  Pintchovski,  Peter  Gill,  Lou  Parrillo,  Ron  Pyle 
and  Cotton  Hance  for  their  support.  Special  thanks  to  Vidya  Kaushik  for  his 
assistance  in  TEM  analysis  and  Rich  Gregory  for  RBS  analysis. 


REFERENCES 


1. 

2. 


3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 


E.  O.  Travis,  W.  M.  Paulson,  F.  Pintchovski,  B.  Boeck,  L.  C.  Parrillo,  M.  L. 
Kottke,  K.  -Y.  Fu,  M.  J.  Rice,  J.  B.  Price,  E.  C.  Eichman,  IEDM  (1990)  47. 

F.  Pintchovski,  T.  White,  E.  Travis,  P.  J.  Tobin,  and  J.  B.  Price,  in  Tungsten 
and  Other  Refractory  Metals  for  VLSI  Applications  IV.  edited  by  R.  S.  Blewer 
and  C.  M.  McConica  (Mater.  Res.  Soc.  Proc.  Pennsylvania  1989)  pp.  275  -  282. 
D.  Srinivas,  J.  T.  Hillman,  W.  Triggs  and  E.  C.  Eichman.  Advanced 
Metallization  for  ULSI  Applications.  MRS  (1992)  (to  be  published). 

R.  I.  Hegde,  R.  E.  Jones,  Jr.,  V.  S.  Kaushik,  and  P.  J.  Tobin,  Appl.  Surface 
Science  52  (1991)  59. 

M.  J.  Buiting,  A.  F.  Otterloo  and  A.  H.  Montree,  J.  Electrochem.  Soc.  138 
(1991)265. 

A.  Sherman,  J.  Electrochem.  Soc.  127  (1990)  1892. 

I.  J.  Raaijmakers  and  A.  Sherman,  IEEE  1990  219. 

N.  Yokoyama,  K.  Hinode  and  Y.  Homma,  J.  Electrochem.  Soc.  13  (1991)  190. 

S.  R.  Kurtz  and  R.  G.  Gordon,  Thin  Solid  Films,  140  (1986)  277. 

H.  Z.  Wu,  T.  C.  Chou,  A.  Mishra,  D.  R.  Anderson,  J.  K.  Lampert  and  S.  C. 
Gujrathi,  Thin  Solid  Films,  191  (1990)  55. 


PART  IV 


Chemical  Vapor  Infiltration 


207 


ADVANCES  IN  MODELING  OF  THE  CHEMICAL  VAPOR  INFILTRATION  PROCESS 
THOMAS  L.  STARR 

Georgia  Institute  of  Technology,  Georgia  Tech  Research  Institute,  Atlanta,  GA 


ABSTRACT 

The  technology  of  chemical  vapor  infiltration  (CVI)  has  progressed 
dramatically  over  the  past  twenty-five  years  and  stands  now  as  the  leading 
process  for  fabrication  of  high  temperature  structures  using  ceramic  matrix 
composites.  Modeling  techniques  also  have  advanced  from  extensions  of 
catalyst  theory  to  full  3-D  finite  element  code  with  provision  for  temperature 
and  pressure  gradients.  These  modeling  efforts  offer  insight  into  critical 
factors  in  the  CVI  process,  suggest  opportunities  for  further  advances  in 
process  technology  and  provide  a  tool  for  integrating  the  design  and 
manufacture  of  advanced  components. 

Early  modeling  identified  the  competition  between  reaction  and  diffusion 
in  the  CVI  process  and  the  resulting  trade-off  between  densif ication  rate  and 
uniformity.  Modeling  of  forced  flow/ thermal  gradient  CVI  showed  how  the 
evolution  of  material  transport  properties  provides  a  self-optimizing  feature 
to  this  process  variation. 

"What-if*  exercises  with  CVI  models  point  toward  potential  improvements 
from  tailoring  of  the  precursor  chemistry  and  development  of  special  preform 
architectures . 

As  a  link  between  component  design  and  manufacture,  CVI  modeling  can 
accelerate  successful  application  of  ceramic  composites  to  advanced  aerospace 
and  energy  components. 


INTRODUCTION 

As  with  any  advanced  structural  material,  incorporation  of  ceramic 
composites  into  mechanical  systems  seems  f rustratingly  slow  to  materials 
scientists.  To  the  design  engineer,  however,  several  factors  still  limit  such 
applications.  One  of  these  is  fabricability  -  the  ability  to  reliably  produce 
a  finished  component  at  a  reasonable  cost.  Chemical  vapor  infiltration  (CVI) 
offers  considerable  promise  toward  this  end  with  fabrication  of  a  number  of 
near-net- shape  components  and  implementation  of  commercial-scale  production 
facilities  in  Europe  and  the  U.S.  Modeling  has  been  a  key  element  in 
development  of  CVI  processing  to  this  point  and  will  be  even  more  important 
in  the  future  as  CVI  is  used  for  fabrication  of  components  of  increasing  size 
and  complexity. 


BRIEF  HISTORV  OF  CVI  MODELING 

There  are  two  variations  of  CVI  in  current  practice1,  as  illustrated  in 
Figure  1.  In  isothermal  CVI  (ICVI)  a  gas  mixture  is  introduced  into  a  furnace 
containing  one  or  more  fiber  preforms.  Reactant  diffuses  into  the  pore  spaces 
of  the  preform,  reacting  on  the  fiber  surfaces  to  form  the  matrix  material. 
While  this  variation  of  the  process  requires  relatively  simple  equipment  and 
can  accommodate  a  number  of  large,  complex  shapes,  it  suffers  from  some 
limitation  on  component  thickness  and  requires  very  long  processing  times, 
i.e.  several  hundred  hours.  In  forced  flow/ thermal  gradient  CVI  (FCVI)  the 
reactant  gas  mixture  is  forced  to  flow  through  the  preform  and  an  applied 
temperature  gradient  controls  the  progress  of  densif ication  in  order  to  avoid 
premature  pore  closure  near  the  gas  inlet.  While  equipment  for  temperature 
and  gas  control  is  more  complex,  FCVI  is  effective  for  thick  components  and 
offers  an  order  of  magnitude  improvement  in  processing  time. 
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Figure  1.  Two  variations  of  the  CVI  process  are  in  current  practice. 


The  earliest  reference  to  CVI  is  Bickerdike2  in  1962  with  application 
of  the  isothermal  process  to  densif ication  of  porous  carbon.  This  early  work 
recognized  the  importance  of  modeling  and  adapted  catalyst  theory3  to  better 
understand  the  balance  between  deposition  rate  and  diffusion  that  controls  the 
infiltration  process.  In  the  early  1970’s  Fitzer’s  group  at  Karlsruhe  began 
extended  investigation  of  SiC  CVI  for  densif ication  of  fiber  reinforced 
composites4.  This  work  again  adapted  existing  catalyst  models  to  understand 
the  effect  of  process  conditions  on  infiltration  efficiency.  While  this  work 
was  successful  in  predicting  initial  infiltration  behavior,  there  was  no 
attempt  to  follow  the  process  of  densif ication.  Also  in  the  1970 ’s  Naslain’s 
group  in  Bordeaux  started  their  development  of  ICVI.  Their  model5  included 
the  effect  of  pore  closure  and  attempted  to  predict  densif ication  time  for 
particular  process  conditions  and  pore  geometry.  Although  process  development 
continued  through  commercialization  at  Societe  Europeenne  de  Propulsion  (5EP) 
and  duPont,  modeling  efforts  lay  relatively  dormant  until  the  late  1980’s. 

Like  the  isothermal  process,  FCVI  was  demonstrated  in  the  early  1960’s6. 
However,  development  of  the  process  for  ceramic  composites  did  not  begin  in 
earnest  until  the  work  by  Lackey  at  Oak  Ridge  National  Laboratory  in  19847  and 
no  model  for  this  process  was  published  until  1987®.  Development  of  the 
process  has  continued,  though  with  on!y  limited  commercial  implementation,  and 
modeling  efforts  have  expanded  considerably  over  the  past  several  years. 


(1) 
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where  C  is  the  concentration  of  a  chemical  species,  D  is  its  diffusion 
coefficient,  U  is  the  gas  velocity  in  the  X  direction,  R  is  the  molar 
deposition  rate  per  unit  of  solid  surface  area  and  S  is  the  solid  surface  area 
per  unit  volume.  The  two  terms  on  the  left  hand  side  of  this  equation 
represent  the  net  diffusive  and  convective  flux  of  the  species  into  a  volume 
and  the  term  on  the  right  hand  side  represents  the  production  or  depletion  of 
this  species  through  reaction  within  that  volume-  In  order  to  evaluate  this 
equation,  additional  '’balance"  equations  for  energy  and  momentum  may  be 
necessary  to  model  temperature  and  flow.  Progress  in  CVI  fundamentals  is 
gauged  by  how  well  the  mathematical  expressions  used  in  solution  of  these 
balance  equations  represent  the  physical  reality  of  the  CVI  process. 

The  source  term  on  the  right  hand  side  of  eq.  <1)  is  fundamental  to  all 
variations  of  CVI  and  it  value  corresponds  to  the  local  densif icat ion  rate  for 
the  composite.  It  is  important  to  note  that  the  rate,  R,  and  the  surface 
area,  S,  are  equally  important  in  determining  the  magnitude  of  this  term.  In 
general,  the  rate  term  depends  on  temperature,  pressure  and  gas  composition. 
Most  CVI  models  assume  that  this  rate  is  first-order  in  a  single  reactant 
species  and  exponential  in  temperature.  In  one  case,  a  two  step  reaction  path 
has  been  considered  where  the  initial  reactant  reacts  in  the  gas  phase  to 
produce  an  intermediate  chemical  species  that  then  reacts  on  pore  surfaces  to 
form  the  matrix  material9.  More  recently,  for  deposition  of  SiC  from 
roethyltrichlorosilane  (MTS),  the  concentration  of  reaction  product,  HC1  in 
this  case,  has  been  included  as  an  inhibitor  in  the  deposition  rate 
expression10. 

The  surface  area  term  in  eq.  (1)  depends  on  the  microstructure  of  the 
fiber  preform  and  its  development  during  densif icat ion.  Several  expressions 
for  this  term  have  been  developed  for  short,  randomly  oriented  fibers  or  for 
continuous,  parallel  fibers1*.  These  depend  on  the  fiber  diameter  and 
initial  packing  density  in  the  preform,  and  differ  principally  in  hew  quickly 
the  surface  area  falls  toward  zero  as  the  density  increases.  Unfortunately 
the  most  useful  types  of  fiber  preform,  cloth  lay-up  or  3-D  weave,  correspond 
to  neither  of  these  ideal  cases.  For  both  of  these  a  significant  fraction  of 
the  porosity  is  associated  with  relatively  large,  low  surface  area  regions 
between  fiber  tows  (bundles)  or  between  cloth  layers. 

Our  work  with  one  particular  cloth  lay-up  preform  suggests  a 
microstructure  model  with  approximately  70?  of  the  volume  in  “tow”  regions 
with  tightly  packed,  parallel  fibers,  25 Z  in  "channel"  regions  between  cloth 
layers  and  5Z  in  "hole"  regions  running  through  the  cloth  layers.  This  leads 
to  a  surface  area  function  as  shown  in  Figure  2.  The  surface  area,  initially 
very  high,  drops  to  a  much  lower  value  as  the  porosity  associated  with  the 
"tow"  region  fills.  (Some  residual,  closed  porosity  remains  but  does  not 
contribute  to  the  available  surface  area.)  Additional  densif icat ion  occurs 
by  filling  in  the  "channel"  and  "hole"  regions.  Even  with  a  constant 
deposition  rate  the  densif ication  rate  is  much  lower  at  this  point.  This 
characteristic  of  decreasing  densif icat ion  rate  as  density  increases  is  very 
important  as  this  tends  to  produce  uniform  density  throughout  a  component. 

In  the  absence  of  pressure  driven  flow,  the  left  hand  side  of  eq.  1 
reduces  to  the  first  term,  reactant  transport  via  diffusion.  In  this  case  the 
CVI  problem  is  identical  to  the  problem  of  reaction  and  transport  in  porous 
catalysts,  and  existing  models  were  easily  adapted  to  CVI.  Given  the  proper 
reaction  rate  and  surface  area  expressions,  only  the  value  of  the  diffusion 
coefficient  is  needed  to  calculate  the  densif ication  rate  as  a  function  of 
position  within  the  preform.  In  early  modeling  efforts  the  "effective" 
diffusion  coefficient  was  estimated  from  the  gas  phase  diffusion  coefficient, 
the  fraction  porosity  and  a  tortuosity  factor.  However,  with  small  pores  and 
at  reduced  pressure  -  typical  conditions  for  CVI  -  Knudsen  flow  is  a  more 
appropriate  description  of  reactant  transport,  and  this  has  been  included  in 
recent  models.  Unfortunately,  it  is  very  difficult  to  test  these  transport 
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Figure  2.  Surface  area  of  cloth  lay-up  preform  decreases  as  density 
increases . 

models  with  experimental  measurements  and  no  successfully  effort  has  been 
reported.  Recent  Monte  Carlo  computer  simulations  of  transport  within  fiber 
structures  do  offer  a  somewhat  independent  test  of  the  diffusion  models  and 
generally  support  their  validity12. 

For  forces  flow  CVI  the  second  term  in  eq.  (i),  convective  flow, 
dominates  mass  transport.  For  a  given  pressure  differential  the  flow  velocity 
depends  on  the  gas  viscosity  and  on  the  permeability  of  the  preform.  The  gas 
viscosity  can  be  estimated  from  its  composition  using  standard  methods. 
Permeability  of  porous  material?  is  the  subject  of  a  large  body  of  work  and 
much  of  this  can  be  applied  to  modeling.  In  particular,  the  Kozeny 
equation 

K--  (2) 

CxS 1 

relates  the  gas  permeability,  K,  to  the  surface  area.  S,  and  porosity,  (1* 
d)13.  The  constant,  c,  is  a  geometric  factor  that  depends  on  pore  shape  and 
orientation.  Since  we  already  have  found  values  for  S  as  a  function  of 
density,  it  would  seem  that  permeability  may  be  estimated  easily. 
Unfortunately ,  for  preforms  of  greatest  interest,  cloth  lay-up  and  3-D  weave, 
the  porosity  is  distributed  over  two  very  distinct  size  ranges  and  the  K02eny 
equation  cannot  be  used  for  the  preform  as  a  whole.  For  a  cloth  lay-up 
preform,  in  particular,  most  of  the  flow  passes  through  the  "channels"  and 
"holes"  between  the  cloth  layers.  The  resulting  bulk  permeabi. ity  is 
anisotropic  but  can  be  estimated  using  Poiseuille’s  formula,  rhannel 
dimensions  and  a  semi-empirical  ratio  of  parallel  and  series  flow14. 
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For  forced  flow/ thermal  gradient  CVI  (FCVI),  a  thermal  model  is  needed 
to  derive  the  local  temperature  within  the  ireform  for  a  given  set  of  boundary 
conditions.  Conduction  is  the  dominant  r»ode  of  heat  transport  in  typical 
experimental  configurations  although  gas  convection  can  be  a  significant 
factor15.  Published  thermal  conductivity  data  for  CVI  SiC/Nicalon™  composite 
over  a  range  of  densities  are  available16.  Data  for  other  CVI  materials  are 
lacking,  as  are  methods  for  estimating  thermal  conductivity  from 
microstructure  information  for  these  complex,  multiphase  composites. 


MODELING  FOR  PROCESS  OPTIMIZATION  AND  CONTROL 

The  fundamentals  of  CVI  modeling  can  be  combined  with  advanced  numerical 
modeling  techniques  to  produce  a  computer  simulation  of  the  CVI  process'1*. 
With  this  approach  CVI  modeling  can  be  used  as  a  tool  for  process  optimization 
in  much  the  same  way  as  finite  element  modeling  is  used  for  mechanical 
optimization  of  a  structural  component. 

Early  work  with  the  isothermal  CVI  process  utilized  a  simple  reaction 
and  diffusion  model  to  obtain  "in-depth"  infiltration  conditions  for  preforms 
with  a  given  pore  size18.  In  this  case,  infiltration  uniformity  improves  for 
conditions  that  produce  a  lower  deposition  rate.  i.e.  low  temperature  and 
pressure.  "Optimum"  conditions  are  simply  a  trade-oft  between  uniformity  of 
infiltration  and  total  processing  time. 

For  forced  flow/thermal  gradient  CVI  the  number  of  process  parameters 
is  large  (orientation  and  magnitude  of  applied  temperature  gradient,  flow 
rates  for  at  least  two  gases,  location  of  gas  inlet  and  outlet,  etc.)  and 
effective  densif icat ion  of  a  particular  component  preform  may  depend 
critically  on  choosing  the  proper  set  of  process  conditions.  An  ongoing 
collaborative  effort  between  the  Oak  Ridge  National  Laboratory  and  the  Georgia 
Institute  of  Technology  has  produced  quantitative  validation  of  a  "finite 
olume”  process  model  that  predicts  local  temperature,  pressure,  reactant 
concentration  and  density  as  a  function  of  time  ver  the  infiltration 
process19.  This  model  can  be  used  to  select  optimum  process  conditions  for 
large,  complex  shapes,  avoiding  a  great  deal  of  "cut  and  try"  experimental 
effort.  This  has  been  shown  for  a  hypothetical  rotor  component  (Figure  3) 
where  thick  and  thin  sections  densify  at  different  rates20 

Beyond  process  optimization,  CVI  modeling  can  aid  process  monitoring  and 
control.  For  the  component  described  above,  the  CVI  model  predicts 
temperature  rise  as  a  function  of  time  at  various  points  (Figure  4). 
Continuous  measurement  of  these  temperatures  provides  j  monitor  of  the  process 
and  can  localize  problems  that  may  occur  during  a  run  due  to  preform  flaws  or 
variation  of  process  parameters.  Such  a  model  also  may  suggest  modifications 
to  the  process  to  recover  from  such  deviations,  i.e.  "reed-forward"  process 
control . 


FUTURE  DIRECTIONS 

The  explosion  of  interest  and  activity  in  CVI  modeling  over  the  past 
five  years  has  produced  a  good  understanding  of  the  factors  needed  for 
modeling  of  the  process  and  a  number  of  sophisticated  numerical  models. 
Additional  efforts  are  needed  to  provide  (i.e.,  measure)  quantitative  values 
for  the  transport  and  reaction  rate  parameters  involved  and,  using  these, 
validate  the  models  by  direct  comparison  with  experimental  densif icat ion. 
Better  understanding  of  the  relation  between  fiber  architecture  and  transport 
properties  is  critical  since  preforms  of  practical  interest  will  certainly 
involve  a  variety  of  lay-up  and  weave  patterns. 


AXIAL  POSITION  <CM) 


TEMPERATURE  (C) 


Figure  “J.  Model  simulates  infiltration  of  rotor  with  thick  and  thin 
sections.  Cross-sectional  views  show  flow  pattern,  temperature  profile  and 
density  variation  after  partial  infiltration20. 


. . i 
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Figure  4.  Model  predicts  rise  in  local  temperatures  as  infiltration 
proceeds,  offering  a  method  for  real-time  monitoring  of  the  process  • 
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ABSTRACT 

Following  the  evolving  microstructure  of  composites  through  all  stages 
of  chemical  vapor  infiltration  (CV I)  is  a  key  to  improved  understanding  and 
control  of  the  process.  X-ray  Tomographic  Microscopy  (XTM) ,  i.e.,  very  high 
resolution  computed  tomography,  allows  the  microstructure  of  macroscopic 
volumes  of  a  composite  to  be  imaged  nondestructively  with  resolution 
approaching  one  micrometer.  Results  obtained  with  XTM  on  dense  SiC/SiC 
composites  and  on  woven  SiC  fiber  preforms  illustrate  how  details  of  the 
densification  process  can  be  followed  using  this  technique  during  interruptions 
in  processing.  Ways  in  which  the  three-dimensional  microstructural  information 
may  be  used  to  improve  modeling  are  also  indicated. 


INTRODUCTION 

Improved  control  of  CVI  and  decreased  densification  times  are  important 
to  achieving  widespread  use  of  ceramic  composite  components  fabricated  with 
this  process  {1].  The  assurance  that  near-critical-sized  flaws  or  that  damage- 
intolerant  raicrostructures  have  not  been  incorporated  are  vital  to  component 
designers.  More  economical  production  of  components,  achieved  by  shortened 
processing  times,  will  widen  the  range  of  feasible  applications  for  ceramic 
composites . 

There  are  three  levels  in  the  hierarchy  of  porosity  which  remain  after 
CVI  densification  of  woven  preforms:  intra-tow  microporosity  and  two  types  of 
inter-tow  porosity  (holes  in  the  weave  of  the  preform  and  channels  between  the 
preform  layers)  [1].  The  channels  distribute  the  gas  mixture  and  play  the  key 
role  in  determining  how  far  and  how  rapidly  the  composite  densities.  The  space 
between  fibers  in  a  tow  is  quickly  eliminated,  isolating  micropores;  and  the 
holes,  which  are  intri.'^ic  to  the  cloth,  remain  after  the  channels  to  the 
surface  close.  Understanding  the  rate  at  which  the  channels  narrow,  the 
influence  of  channel  topology  and  topography  and  how  these  relate  to  the 
concurrent  composite  density  are  important  to  refining  physically-based  models 
of  densification.  This  paper  discusses  how  high  resolution  x-ray  computed 
tomography  (i.e.,  XTM)  can  be  used  to  examine  the  same  volume  of  a 
preform/composite  multiple  times  during  densification  and  outlines  approachs 
for  quantifying  the  types,  sizes  and  evolution  of  pores  during  CVI  of 
Nicalon/SiC  composites. 


EXPERIMENTS 

The  XTM  used  to  study  the  Nicalon  preform  and  Nicalon/SiC  composites  has 
been  described  in  detail  elsewhere  (2,3),  and  only  the  barest  details  are 
repeated  here.  The  apparatus  is  based  on  a  two-dimensional,  1320  x  lr 
element  charge-coupled  device  (CCD)  coupled  through  a  short  depth-of-f iei^ , 
variable  magnification  optical  lens  system  to  a  single  crystal  scintillator 
screen  of  CdWO*.  The  sample  is  viewed  with  x-rays  along  a  large  number  of 
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projection  directions,  and  the  radiographs  are  recombined  via  the  filtered  back 
projection  algorithm  [4,5]  into  a  stack  of  parallel,  two-dimensional ,  cross- 
sections  (i.e. ,  slices)  which  map  the  variation  in  x-ray  attenuation  within  the 
sample's  interior. 

Preforms  of  stacked,  plain  weave  Nicalon  cloth  and  Nicalon/SiC  composites 
densified  using  an  isothermal  CVI  process  have  been  examined  with  XTM.  The 
fiber  tows  in  adjacent  layers  of  cloth  are  aligned  parallel  (0°  layup), 
alternate  between  0"  and  45°  orientations  (0°/45“  layup)  or  are  aligned  in  the 
sequence  0°,  30*  and  60°  (0">/30*/60"  layup).  The  sample  described  below  is  cut 
parallel  to  the  cloth  planes  from  a  larger  section  of  a  densified,  0*  layup 
composite;  its  cross-sectional  dimensions  are  approximately  0.8  mm  x  1.0  mm 
Monochromatic  synchrotron  x-radiation  (18  keV)  from  Beamline  A- 2  at  CHESS 
(Cornell  High  Energy  Synchrotron  Source)  is  used  to  image  the  sample.  This 
energy  allows  optimum  contrast  (pt  -  1.5,  where  n  is  the  linear  atrentuation 
coefficient  and  t  is  the  path  length)  along  the  longest  x-ray  path  through  the 
sample.  The  angular  increments  between  views  is  0.5* ,  projections  are 
collected  over  180*  and  the  isotropic  pixels  are  3.4  pro  in  size  in  the  88 
contiguous  slices  reconstructed  for  the  sample  described  below. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  a  typical  XTM  slice  of  a  densified  Nicalon/SiC  composite. 
The  darker  pixels  represent  the  location  of  material  with  lower  x-ray 
attenuation.  One  well-defined  channel,  C,  curves  between  tows  on  the  right 
side  of  the  slice,  and  an  enlarged  image  of  it  appears  in  Fig.  lb.  Five  layers 
of  Nicalon  cloth  with  fiber  axes  running  vertically  are  labeled  "N"  in  Fig.  J  ; 
the  black  bands  within  these  tows  are  elongated  micropores.  The  other  layers 
of  the  preform  have  fibers  and  tows  approximately  perpendicular  to  the  slice 
which  produces  the  mottled  contrast  elsewhere  in  the  composite.  This  contrast, 
which  is  difficult  to  discern  in  monochromatic  images,  arises  primarily  from 
differences  in  attenuation  between  Nicalon  and  deposited  SiC.  Some  pixels  in 
these  tows  are  partially  occupied  by  pores  as  well  as  Nicalon  or  SiC. 

The  calculated  attenuation  coefficients  for  Nicalon  and  SiC  are  9.0  and 
14.2  cm'1,  respectively,  based  on  tabulated  densities  [6],  compositions  f  7  J  and 


Figure  1,  a)  XTM  slice  through  a  densified  Nicalon/SiC  composite.  A  well- 
defined  channel  and  cloth  layers  with  fiber  axes  running  vertically  are 
labeled  C  and  N,  respectively,  b)  Enlargement  of  part  of  the  channel. 
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mass  absorption  coefficients  (8].  A  histogram  of  linear  attenuation 
coefficients  from  <*  typical  .olurae  of  the  composite  is  shown  in  Fig.  2.  The 
box  in  the  adjacent  slice  defines  which  part  of  Fig.  i  is  used  to  produce  the 
histogram.  The  continuum  of  absorption  coefficients  seen  in  the  histogram  is 
the  result  of  voxels  being  partial Ly  occupied  by  the  different  constituents  of 
the  composite:  Nicalon,  SiC  and  empty  space. 

Three-dimensional  surface  renderings  are  very  helpful  in  visualizing  the 
spatial  distribution  of  porosity.  The  surface  rendering  shown  in  Fig.  3 
depicts,  from  a  given  viewing  position,  the  surface  encompassing  all  low 
absorption  pixels  within  a  subset  of  the  total  volume  imaged.  Figure  3b  shows 
where  the  volume  intersects  the  slice  shown  in  Fig.  1,  and  the  surface  includes 
all  pixels  with  values  equal  to  or  lower  than  25%  of  the  maximum  value 
encountered  in  the  sample  (there  are  256  gray  levels  used  in  the  images).  Long 
rods  (extended,  isolated  micropores  running  parallel  to  fibers  within  the  tows) 
are  prominent  within  the  image  (indicated  by  "R").  Broad,  shallow  sheets 
(labeled  "C")  show  the  position  of  channels  between  tows. 


Figure  2.  Histogram  of 
linear  attenuation 
coefficients  in  the 
slice  shown  in  Fig.  1. 
The  calculated  values 
for  Nicalon  and  SiC  are 
indicated  by  letters  N 
and  S,  respectively 


Figure  3.  a)  Surface  rendering  showing  only  those  pixels  with  gray  levels 
below  25  X  of  the  256  levels  of  contrast  in  the  pictured  above.  The 
position  of  the  volume  is  shown  in  b) .  Extended  micropores  within  tows 
are  labeled  R,  and  channels  between  tows  are  labeled  C. 
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The  width  of  the  channels  is  a  key  variable  to  quantify  in  studies 
relating  evolving  raicrostructure  to  densif ication  during  CVI .  The  digital, 
volumetric  data  from  XTM  is  ideal  for  obtaining  this  information.  First,  a 
volume  containing  the  channel  of  interest  is  selected.  The  channel  width  is 
measured  across  each  row  (i.e.,  horizontally  across  the  slice  shown  in  Fig.  1) 
of  the  slice,  and  the  measurement  is  repeated  for  all  slices  in  the  volume. 
A  simple  algorithm  is  used  to  determine  channel  width  automatically:  the 
program  counts  the  number  of  consecutive  pixels  in  a  row  which  fall  below  a 
defined  critical  value  of  the  absorption  coefficient.  The  algorithm  needs  to 
be  robust,  in  order  to  avoid  unintentionally  measuring  the  widths  of  micropores 
which  may  be  included  in  the  volume  containing  the  channel.  The  simple  program 
first  looks  in  each  row  for  three  or  more  adjacent  pixels  which  fall  below  the 
critical  level.  If  these  are  found,  the  first  pixel  is  marked  as  the  edge  of 
the  channel.  Next,  the  program  searches  for  three  pixels  in  that  row  which  are 
above  the  critical  level;  the  first  of  these  is  marked  as  the  end  of  the 
channel.  If  the  resulting  channel  width  is  zero,  the  same  procedure  is 
followed  in  a  search  for  two  adjacent  pixels  below  and  then  above  the  critical 
absorption  value. 

Figure  4  shows  channel  widths  in  the  area  in  Fig.  lb.  The  critical 
absorption  coefficient  value  used  is  5  cm-1  which  is  much  lower  than  the  values 
for  Nicalon  and  SiC.  The  variation  in  channel  width  is  quite  pronounced  as  is 
the  physical  irregularity  of  the  channel  walls.  Apparently,  the  rough  walls 
result  from  SiC  deposited  on  fibers  snaking  from  the  main  body  of  the  tows. 
Figure  5  shows  the  variation  of  channel  width  within  the  volume  sampled. 
Variability  is  similar  to  that  in  Fig.  4. 


Figure  4.  Variation  of 
channel  width  in  the  area 
shown  in  Fig.  lb.  The  width 
is  measured  along  the  rows  of 
the  image,  approximately 
perpendicular  to  the  channel 
wal Is . 


Figure  5.  Variation  of 
channel  width  (vertical  axis) 
for  the  rows  in  each  sLice 
(horizontal  axis)  and  for  all 
slices  (angled  axis),  i.e., 
throughout  the  volume 
indicated  in  Fig  lb.  All 
axes  are  in  units  of  pixels. 
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This  approach  should  be  very  valuable  in  future  XTM  characterization  of 
samples'  progression  to  complete  densif icat ion;  the  change  in  channel  width 
after  each  increment  of  infiltration  can  be  measured  precisely  and  rapidly  for 
the  large  number  of  channels  in  a  sample.  Availability  of  channel  width  data, 
of  changes  in  channel  width  during  each  infiltration  step  and  of  channels' 
proximity  to  holes  as  a  function  of  position  in  the  sample  allow  three- 
dimensional  visualization  of  the  network  of  pores  and  holes  within  the 
composite.  For  example,  plotting  surfaces  representing  the  centers  of  channels 
and  using  a  range  of  colors  to  indicate  local  channel  width  is  one  promising 
strategy  for  analyzing  the  large  amount  of  data  generated  by  XTM.  Better 
estimates  of  permeability  and  local  deposition  rates  will  result  and  should 
lead  to  a  new  generation  of  numerical  models  for  CVI  and  perhaps  to  design 
rules  for  optimum  composite  preform  architecture. 


CONCLUSIONS 

An  approach  for  improving  modeling  of  CVI  of  composites  is  based  on  data 
collected  nondestructively  from  sample  interiors  using  XTM.  Results  from  a 
densified  Nicalon/SiC  ceramic  matrix  composite  are  used  to  indicate  how  channel 
widths  and  microporosity  can  be  studied.  Of  particular  interest  is  the 
possibility  of  examining  the  same  volume  of  material  after  each  stage  of 
infiltration.  Obtaining  such  XTM  data  should  lead  to  better  understanding  of 
the  CVI  process  and  allow  improved  modeling. 
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ABSTRACT 

We  present  effective  diffusion  coefficients  of  gases  in  porous  media  whose  structure 
can  be  represented  as  an  assemblage  of  cylindrical  fibers,  such  as  the  media  used  as  sub¬ 
strates  in  chemical  vapor  infiltration.  Structures  consisting  of  non-,  partially,  or  freely 
overlapping  fibers  of  various  orientation  distributions  are  considered,  and  effective  diffu¬ 
sion  coefficients  are  computed  by  means  of  a  Monte  Carlo  simulation  scheme.  In  order  to 
be  able  to  examine  the  interrelation  of  ordinary,  transition,  and  Knudsen  diffusivities  and 
tortuosities,  computations  are  carried  out  over  the  whole  diffusion  regime,  i.e.,  from  '.  ulk  to 
Knudsen.  Our  simulation  results  are  compared  with  variational  bounds  and  experimental 
values  of  tortuosity  of  fibrous  beds  reported  by  other  investigators. 

INTRODUCTION 

Knowledge  of  the  mass  transport  characteristics  of  fibrous  structures  used  as  preforms 
in  chemical  vapor  infiltration  (CVI)  helps  us  better  understand  the  mechanism  of  the 
CYI  process.  This  in  turn  enables  us  to  identify  operating  conditions  and  procedures  for 
improving  the  process,  both  in  its  conventional  isothermal,  diffusion-driven  form  [1]  and 
modified,  temperature-pressure  gradient  (ORNL  process  [2])  and  pulsc-CVI  [3. 4)  versions. 
However,  only  a  few  diffusivity  measurements  for  dilute  beds  in  the  slip  (5)  ami  the  ordinary 
diffusion  regime  [6,7]  are  available  in  the  literature,  with  the  Knudsen  and  transition 
regimes  left  totally  unexplored.  Moreover,  theoretical  work  in  this  area  has  primarily  been 
focused  on  the  derivation  of  bounds  using  variational  principles  or  other  methods  [8-1  Ij. 

Simulation  results  for  the  variation  of  the  effective  diffusion  coefficient  of  random 
fiber  structures  with  the  porosity  in  the  whole  diffusion  regime,  from  bulk  to  Knudsen. 
are  presented  in  this  work.  Effective  diffusivities  are  computed  by  using  a  Monte  Carlo 
simulation  scheme  to  compute  the  mean  square  displacement  of  test  molecules  travelling 
in  the  pore  space  [12J.  We  consider  fiber  structures  formed  by  randomly  overlapping 
cylindrical  fibers  distributed  randomly  in  d  (d  —  1,  2,  or  3)  directions  ((/-directional, 
random  fiber  structures),  that  is.  with  their  axes  parallel  to  a  line  (d  =  1),  parallel  to  a 
plane  (d  =  2),  or  oriented  randomly  in  the  three  dimensional  space  («  =  3),  and  structures 
with  fibers  grouped  into  d  (d  =  1,  2,  or  3)  bundles  of  parallel,  randomly  overlapping  fibers, 
with  the  bundles  arranged  in  mutually  perpendicular  directions  (d-directional,  parallel 
fiber  structures).  Since  the  fibers  in  an  actual  preform  do  not  overlap  with  each  other, 
structures  of  freely  overlapping  fibers  can  be  used  as  models  of  actual  preforms  only  for 
relatively  high  porosities.  However,  the  initial  porosity  of  the  fibrous  structures  that 
arc  used  as  preforms  in  composite  fabrication  by  chemical  vapor  infiltration  varies  in 
the  relatively  broad  range  0.4-0.85  [13,14).  For  this  reason,  we  also  present  results  for 
structures  consisting  of  unidirectional  nonoverlapping  or  partially  overlapping  fibers,  the 
latter  representing  the  evolving  states  of  a  preform  of  parallel  fibers  as  it  is  being  densified 
by  chemical  vapor  infiltration, 

CONSTRUCTION  OF  FIBROUS  STRUCTURES  AND  COMPUTATION 
OF  EFFECTIVE  DIFFUSIVITIES  AND  TORTUOSITY  FACTORS 

The  construction  of  finite  samples  of  porous  structures  consisting  of  unidirectional, 
nonoverlapping  fibers  of  uniform  size  is  accomplished  by  means  of  a  scheme  based  on  the 
Metropolis  Monte  Carlo  method  [15].  The  fibers  are  initially  positioned  in  a  cubic  unit  cell 
at  the  sites  of  a  regular  triangular  lattice.  Random  structures  of  nonoverlapping  fibers  are 
obtained  through  a  large  number  of  random  sequential  moves  of  the  fibers  from  their  initial 
positions.  Partially  overlapfling  fiber  structures  are  produced  from  the  nonoverlapping  ones 
by  increasing  the  fiber  size  by  a  certain  amount..  A  partially  overlapping  fiber  structure 
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resulting  from  a  nonovcrlapping  one  after  the  fibers  of  the  latter  are  let  to  grow  by  25'/  is 
shown  in  Fig.  1.  For  a  structure  undergoing  densification  by  chemical  vapor  infiltration, 
the  rings  added  around  the  fibers  of  the  original  nonovcrlapping  fiber  structure,  displayed 
using  solid  black  pattern,  correspond  to  the  material  deposited  within  the  preform  during 
the  process.  The  structure  shown  in  Fig.  1  resembles,  in  almost  every  important  detail, 
photomicrographs  of  partially  densificd  fiber- reinforced  composites  [16,17]. 


Figure  1.  Cross  section  of  a  partially 
overlapping  unidirectional  fiber  structure 
of  21%  porosity,  eo  =  45%. 


Figure  2.  Section  of  a  randomly  overlap¬ 
ping  tridirectional  fiber  structure  of  50'/ 
porosity. 


A  porous  structure  consisting  of  mutually  perpendicular  bundles  of  parallel,  ran¬ 
domly  overlapping  fibers  is  constructed  by  generating  a  random  distribution  of  points 
on  a  face  of  the  cubic  finite  sample,  treating  the  points  as  the  traces  of  the  axes  of  the 
fibers  that  are  perpendicular  to  the  face,  and  repeating  for  all  d  bundles,  on  <!  mutually 
perpendicular  faces  of  the  cell.  Structures  of  randomly  oriented  fibers  are  constructed  by 
distributing  randomly  in  2  or  3  directions  the  axes  of  the  fibers,  according  to  the  mean  free 
path-randomness  (p-randomness)  mechanism  [18].  The  section  of  a  50%-porosity  structure 
of  fibers  oriented  randomly  in  three  directions  is  shown  in  Fig.  2.  For  fibers  of  1  pm  in 
radius,  Fig.  2  depicts  a  20  pm  x  20  pm  section  of  the  fiber  structure. 

Effective  diffusivities  are  computed  using  the  mean  square  displacement.  <  f"  >,  of 
molecules  travelling  in  tiic  void  space  of  tiie  porous  medium  for  adequately  large  travel 
times  r,  using  the  formulas  [12] 
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where  D,  stands  for  the  orient ationally  averaged  effective  diffusivity,  and  Dc]  for  the  diffu- 
sivity  in  direction  j,  The  computation  of  the  mean  square  displacement  is  accomplished  by 
following  the  trajectories  of  a  large  number  of  molecules,  introduced  randomly  and  travel¬ 
ling  independently  in  the  unit  cell.  The  procedure  used  for  computing  the  trajectories  of 
molecules  undergoing  diffusion  in  a  porous,  capillary  or  fibrous,  structure  is  described  in 
detail  in  other  publications  [19-22]. 

The  effective  diffusivity  results  may  be  used  to  estimate  a  tortuosity  factor  for  tin- 
porous  medium,  7,  using  the  equations 
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The  reference  diffusivity,  D.  is  the  self-diffusion  coefficient  of  the  diffusing  species  in  a 
cylindrical  pore  of  radius  equal  to  the  average  pore  radius  of  the  fibrous  structure  under 
the  same  conditions  of  pressure  and  temperature  (i.e.,  same  mean  free  path,  A,  and  mean 
thermal  speed,  5,  for  the  gas  molecules).  It  is  computed  using  the  reciprocal  additivity 
approximation  (Bosanquet  formula)  for  transition  regime  diffusion  in  a  cylindrical  tuhe 
[23],  according  to  which  (see  eq.  (2c))  the  transition  regime  diffusivity  is  approximated 
closely  by  the  harmonic  mean  of  the  continuum  self-diffusion  coefficient,  Dh.  and  Knudsen 
diffusion  coefficient,  D1' . 

RESULTS  AND  DISCUSSION 

Effects  of  Fiber  Overlapping  on  Diffusivities 

Computer  simulation  results  for  Knudsen  tortuosities  corresponding  to  diffusion  in 
non-,  partially,  or  freely  overlapping  unidirectional,  unimodal  fiber  structures  are  shown 
in  Fig.  3.  The  tortuosities  in  directions  perpendicular  to  the  fibers  are  seen  to  be  lower  for 
structures  consisting  of  nonovcrlapping  fibers  than  for  structures  of  freely  overlapping  fibers 
of  the  same  porosity.  As  the  porosity  increases,  however,  the  extent  of  fiber  overlapping 
in  freely  overlapping  (fully  penetrable)  fibers  decreases,  and  thus,  the  tortuosities  for  the 
two  cases  get  closer  to  each  other  and  eventually  coincide  as  the  porosity  approaches 
unity.  In  the  vicinity  of  100%  porosity,  the  tortuosity  factors  for  both  cases  approach  the 
lower  bound  (rj  =  1.747)  for  diffusion  perpendicularly  to  fully  overlapping  fibers  [10).  The 
tortuosity  factor  in  directions  perpendicular  to  the  fibers  becomes  infinite  (i.e.,  the  effective 
diffusivity  becomes  zero)  at  0.0931  porosity  (the  porosity  of  a  triangular  array  of  closely 
packed  solid  cylinders)  for  structures  of  nonoverlapping  fibers,  while  for  freely  overlapping 
fibers  it  approaches  infinity  at  a  much  higher  porosity  (~  0.33).  The  tortuosity  factor  for 
diffusion  parallel  to  the  fibers  depends  weakly  on  porosity  and  extent  of  fiber  overlapping, 
having  an  average  value  of  0.549. 

Fig.  3  also  presents  tortuosity  results  for  partially  overlapping  structures  for  three 
values  of  initial  (hard-core)  porosity,  e0.  If  the  partially  overlapping  fiber  structures  of  the 
figure  had  been  obtained  through  a  densification  process,  e0  would  correspond  to  the  initial 
porosity  of  the  fibrous  preform.  Thus,  notice  that  the  curves  for  the  partially  overlapping 
structures  start  on  the  corresponding  curve  for  nonoverlapping  fibers  at  the  bard  core 
porosity.  The  results  of  Fig.  3  reveal  that  partially  overlapping  fiber  structures  exhibit 
behavior  intermediate  to  those  of  the  two  extreme  cases.  As  the  starting  porosity  (e0) 
increases,  the  tortuosity  vs.  porosity  curve  moves  closer  to  that  for  freely  overlapping 
fibers.  The  percolation  threshold  of  a  partially  overlapping  fiber  structure  lies  between  the 
values  for  non-  and  freely  overlapping  fibers,  that  is,  in  the  range  [0.0931,  0.33].  It  should 
be  pointed  out  that  the  solid  curves  shown  in  this  figure,  as  well  as  in  all  other  figures, 
were  obtained  through  cubic  spline  approximation  to  the  simulation  data,  using  software 
provided  with  the  graphics  package  employed.  The  dashed  curves  give  the  predictions  of 
a  correlation  that  we  will  discuss  later. 

Effect  of  Fiber  Orientation  and  Knudsen  Number  on  Mass  Transport 

Tortuosity  vs.  porosity  results  on  Knudsen  diffusion  in  randomly  overlapping  fibrous 
structures  of  various  directionalities  arc  presented  in  Fig.  4.  The  results  shown  indicate 
that  the  percolation  thresholds  of  2-d  and  3-d  fibrous  structures  arc  much  lower  than  that  of 
a  structure  of  unidirectional  fibers,  decreasing  in  the  direction  of  increasing  directionality. 
Specifically,  3-d  structures  percolate  at  about  4%  porosity,  while  the  percolation  threshold 
of  2-d  structures  is  around  £=0.11.  Since  the  percolation  threshold  determines  the  lowest 
porosity  that  can  be  achieved  during  densification,  the  above  observation  suggests  that 
higher  densities  can  be  achieved  when  3-d  structures  arc  used  as  preforms  in  chemical  vapor 
infiltration  instead  of  cloth  layups.  Because  of  the  anisotropy  of  2-d  structures,  the  effective 
diffusivities  in  directions  parallel  and  perpendicular  to  the  fiber  mat  are  different,  hut  their 
difference  is  much  smaller  than  the  difference  between  the  diffusivities  in  directions  parallel 
and  perpendicular  to  the  fibers  of  a  unidirectional  structure. 

Tortuosity  factors  in  the  three  regimes  of  diffusion  are  plotted  in  Fig.  5  as  func¬ 
tions  of  porosity  for  diffusion  perpendicularly  to  the  fibers  of  2  d  random  fiber  structures. 
The  values  of  the  bulk  tortuosity  factor,  r/b,  were  obtained  for  Kn  —  0.02,  while  those 
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of  the  Knudsen  tortuosity  factor,  jj*,  for  Kn  —  100.  The  Knudsen  number,  A'n,  is 
defined  as  Kn  —  \/d  with  d  being  the  mean  intercept  length  of  the  porous  medium 
( =  4  x  porosity  /  surface  area).  Values  of  the  transition  regime  tortuosity  are  given  for 
Kn  —  1,  that  is,  for  the  case  where  the  mean  free  path  of  the  molecules  and  the  mean 
distance  between  successive  molecule-wall  collisions  are  equal.  Simulations  for  9  different 
realizations  of  the  fibrous  structure  were  carried  out  at  each  porosity  to  get  the  results 
shown  in  Fig.  5. 


Figure  3.  Variation  of  the  tortuosity  fac¬ 
tor  with  the  porosity  for  Knudsen  diffusion 
in  unidirectional  fiber  structures. 
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Figure  5.  Variation  of  the  tortuosity  fac¬ 
tor  with  the  porosity  for  diffusion  in  bidi¬ 
rectional  fiber  structures. 


Figure  4.  Variation  of  the  tortuosity  fac¬ 
tor  with  the  porosity  for  Knudsen  diffusion 
in  randomly  overlapping  fiber  structures 
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Figure  6.  Variation  of  the  tortuosity  fac 
tor  with  the  porosity  for  ordinary  diffusion 
in  randomly  overlapping  fiber  structures. 


Comparison  of  our  numerical  results  for  the  tortuosity  factor  in  the  bulk  diffusion 
regime  with  the  predictions  of  a  variational  bound  by  Tsai  and  Strieder  [9]  (see  Fig.  5) 
showed  that  the  latter  gives  a  very  good  approximation  to  the  actual  tortuosity  for  porosi¬ 
ties  greater  than  about  60%.  Similar  conclusions  were  reached  from  the  results  for  bulk 
diffusion  in  3-d  and  1-d  fiber  structures.  Figure  5  also  shows  that  the  numerically  computed 
bulk  tortuosities  for  2-d  structures  are  in  very  good  agreement  with  two  experimental  data 
points  by  Bateman  ct  al.  and  Penman  [6,7].  Bateman  et  al.  [6]  measured  the  bulk  tortu- 
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osity  for  diffusion  perpendicularly  to  the  fibers  of  a  cellulosic  filter  of  65%  porosity.  Pen¬ 
man  [7]  measured  the  bulk  tortuosity  for  a  similar  configuration  of  flow  in  steel  wool  of 
£  =  0.93. 

Fig.  C  presents  tortuosity  vs.  porosity  curves  for  bulk  diffusion  through  fibrous  beds 
of  various  directionalities.  Several  observations  can  be  made  by  comparing  the  results 
of  Fig.  6  with  the  analogous  results  presented  in  Fig.  4  for  Knudsen  diffusion.  The 
tortuosities  for  bulk  diffusion  are  lower  than  the  corresponding  values  for  Knudsen  diffusion 
for  all  fiber  structures  and  diffusion  direr  ions,  except  for  flow  parallel  to  the  fibers  of 
unidirectional  fiber  structures.  The  differences  among  diffusivities  in  different  directions 
for  anisotropic  structures  (1-d  and  2-d)  are  smaller  for  bulk  diffusion.  Finally,  as  the  solid 
fraction  becomes  zero,  the  bulk  tortuosity  approaches  unity  for  all  cases,  while  the  Knudsen 
diffusivity  approaches  a  limit  that  in  general  depe:  ds  on  the  type  of  the  fibrous  structure 
and  the  direction  of  diffusion. 

In  applications,  it  is  customary  to  compute  the  effective  diffusion  coefficient  in  the 
transition  regime  from  the  Bosanquet  formula  (eq,  (2c))  by  using  the  effective  values  of 
bulk  and  Knudsen  diffusivities  in  the  place  of  the  single  pore  values,  that  is,  by  writing: 


J_  -  _L  J 

Dt,  ~  Dl  +  £>“ 

tJ  tj  ej 


(3a) 


Using  eq.  (2c)  and  the  definition  of  the  tortuosity  factor  (eq.  (2b)),  cq.  (3n)  leads  to  the 
following  relation  between  the  transition,  Knudsen,  and  bulk  diffusion  regime  tortuosities: 


Hj  f  n’' Kn 
1  +  Kn 


(3b) 


with  subscript,  j  denoting  the  direction  of  diffusion.  Application  of  eq.  (3b)  to  our  simu¬ 
lation  data  in  the  Knudsen  and  bulk  diffusion  regimes  gave  tortuosities  that  were  almost 
identical  to  those  obtained  by  independent  simulations  in  the  transition  regime  for  all 
cases,  with  the  exception  of  diffusion  parallel  to  fibers  of  a  unidirectional  structure.  In  the 
last  case,  eq.  (3b)  was  found  to  underpredict  the  transition  regime  tortuosity,  by  as  much 
as  20%  in  the  vicinity  of  A’n  =  1.  To  the  best  of  our  knowledge,  this  is  the  first  time  that 
the  validity  of  the  reciprocal  additivity  correlation  has  been  demonstrated  for  a  class  of 
random  porous  media. 


Tortuosity- Porosity  Correlations 

In  order  to  render  our  simulation  results  readily  usable  by  people  working  in  ar¬ 
eas  involving  diffusion  in  fibrous  beds,  such  as  the  fabrication  of  ceramic  composites  by 
chemical  vapor  infiltration,  we  searched  for  simple,  one-parameter  correlations  that  would 
provide  satisfactory  approximations  to  the  computed  tortuosities,  using  the  known  struc¬ 
tural  properties  of  the  fibrous  structures.  Various  one- parameter  correlations  were  tested, 
and  the  one  that,  appeared  to  work  the  best  for  all  cases  examined  in  this  study  was  of  the 
form 

Vj  =»lj{£„)  (“~)  (4) 

witli  £p  being  the  percolation  threshold  of  the  fiber  structure  in  the  direction  of  diffusion. 
The  predictions  of  eq.  (4)  are  given  by  the  dashed  curves  of  Figs.  3-6. 

In  the  case  of  partially  overlapping  unidirectional  fiber  structures,  £„  denotes  the 
hard-core  porosity  of  the  fibers,  i.e.,  the  porosity  at  the  point  where  the  tortursity  factor 
curves  for  partially  overlapping  structures  leave  the  curve  for  nonoverlapping  fibers,  and 
»?j(<ro)  the  corresponding  tortuosity  factor.  The  dependence  of  ep  on  £o  was  investigated  in 
detail  in  a  previous  study  [21]  and  can  be  approximately  followed  using  the  data  given  in 
Fig.  3.  Parameter  a  was  found  to  depend  linearly  on  £p.  Specifically,  o  =  2.28s,, + 0.35  with 
99. 93%’  correlation  coefficient.  The  Knudsen  tortuosity  factor  of  nonoverlapping  fibers  was 
correlated  for  £  >  0.18  using  the  equation  77  =  1.747ejp[1.4(l  —  e)].  For  lower  porosities, 
we  used  eq.  (4)  with  sn  =  0.18,  ep  -  0.0931,  and  a  -  0.72. 

For  diffusion  in  randomly  overlapping  fiber  structures,  £0  =  1  and  q,(to)  =  'h 
The  values  of  a  are  listed  in  Table  1  along  with  the  minimum  values  of  Knudsen  tortuosity 
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for  rack  structure  and  direction  of  diffusion.  For  bulk  diffusion,  the  minimum  value  of 
tortuosity  is  equal  to  1  for  all  eases.  It  should  be  noted  that  the  values  of  «  of  Table  1  for 
bulk  diffusion  in  a  3-d  structure  or  parallel  to  the  fiber  mat  of  a  2-d  structure  are  good  for 
5  >  0.4  only.  For  the  low  porosity  region,  better  results  are  obtained  using  e<p  (4)  with 
fo  =  0.4,  a  =  0.S72  for  the  2-d  structure,  and  o  =  0.905  for  the  3-d  structure,  with  ty;(0.4) 
computed  from  eq.  (4)  and  Table  1. 

Table  1.  Parameters  used  in  eq.  (4) 


FIBROUS  STRUCTURE 

AND  DIRECTION 

OF  DIFFUSIONAL  FLOW, 

KNUDSEN  REGIME 

BULK 

REGIME 

min 

a 

a 

1  -D 

parallel 

0 

0.549 

0 

0 

perpendicular 

0.33 

1.747 

1.099 

0.707 

2-D 

parallel 

0.11 

1.149 

0.954 

0.521 

perpendicular 

1.780 

1.005 

0.785 

3-D 

all  directions 

0.037 

1  3/9 

0.921 

0.661 
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ABSTRACT 

A  model,  incorporating  both  gas-phase  and  surface  reactions,  for  simulating 
thickness  profile  of  SiC,  deposited  from  trichloromethylstlane  (TMS)  along  the 
longitudinal  direction  of  a  single  pore  is  presented  in  this  paper.  The  transport 
mechanisms  considered  include  both  forced-flow  and  diffusion.  With  the  nonlinear 
nature  of  this  mode!,  a  finite  element  model  was  developed  to  solve  the  problem 
numerically.  Simulation  results  were  in  good  agreement  with  the  reported 
experimental  data  by  Fedou  et  al.  (1990).  Effects  01  critical  parameters,  such  as 
deposition  temperature,  ratio  of  sticking  coefficients  of  TMS  and  intermediate  species, 
and  forced-flow,  on  the  deposition  thickness  profile  were  investigated.  Forced-flow 
effect  was  found  to  be  small  for  the  chemical  vapor  infiltration  (CVI)  processes  at  high 
deposition  temperatures. 


INTRODUCTION 

Ceramic  materials  have  long  been  considered  as  the  idea!  materials  for  high 
temperature  applications  because  of  their  good  stability,  resistance  to  corrosn  n.  arid 
high  strength.  However,  the  brittle  nature  of  ceramics  has  precluded  their  use  ir. 
applications  where  significant  levels  of  toughness  are  required 

Primary  goal  of  many  ceramic  materials  researchers  has  been  to  alter  the 
properties  of  ceramic  materials  through  composition,  design,  and  processing  in  order  i  • 
minimize  the  effects  due  to  the  brittle  nature  and  retain  other  desirable  properties  i  , 
achieve  this  goal,  researeners  have  developed  the  ceramic  matrix  composites  iCMCsi. 
which  basically  consists  of  a  ceramic  matrix  reinforced  with  high  performance  fibers 

Recently,  chemical  vapor  infiltration  fCVi)  processes  have  received  a 
considerable  attention  as  a  strong  candidate  for  the  fabrication  of  CMCs  because  of  its 
versatility  in  creating  ail  major  families  of  ceramic  matrices  by  a  single,  continuous 
deposition  step,  low  processing  temperature  feature,  and  geometry -preserving 
properties  The  development  of  forced-flow  CVI  processes  makes  the  CV1  processes 
more  compatible  because  they  ensure  better  uniformity  of  the  deposit  and  reduce  the 
processing  time  significantly  { 1 J. 

Extensive  work  is  being  done  in  the  area  of  CVI  process  modeling  in  an  effort  to 
find  an  optimum  relationship  between  the  processing  conditions  and  product  properties 
(2-11)  Geometrical  considerations  of  these  models  range  from  single-pore  [2—5;. 
overlap  pore  [6],  unit-cell  configuration  [7],  to  effective  medium  jg-9],  which  considers 
the  porous  medium  as  pore  networks.  Diffusion  is  assumed  to  lie  the  mam  transport 
mechanism  of  the  gas  species  [2—8]  Depending  on  the  CVI  process  to  be  modeled, 
convective  flow  (forced-flow)  was  also  used  [9—1  Oj. 

In  general,  chemical  reactions  involved  in  the  CVI  processes  are  quite  complex 
and  can  be  broadly  classified  as  gas-phase  and  surface  reactions.  Most  CVI  models 
proposed  so  far  considered  only  the  heterogeneous  surface  reactions,  with  the  exception 
of  two  papers  published  recently  by  Middleman  [•!)  and  Sheldon  [11],  which  also 
considered  the  homogeneous  gas-phase  decomposition  reactions  Both  these  models  ;4 
k  11)  assume  that  the  foimation  of  the  intermediate  species  on  the  surface  sites  comes 
entirely  from  the  adsorption  of  the  gas  phase  intermediate  species.  In  another  words, 
the  sticking  coefficient  of  the  precursors  used  was  assumed  to  be  zero.  However  the 
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intermediate  species  on  the  surface  sites  might  also  originate  from  the  decomposition  of 
the  adsorbed  parent  species. 

Here  we  present  a  detailed  kinetic  model  for  the  deposition  of  SiC  from 
trichloromethylsilane  (TMS)  along  a  single  pore.  Both  homogeneous  and 
heterogeneous  reactions  were  included  in  the  deposition  mechanism  of  SiC  from  TMS 
precursor.  Furthermore,  allowance  is  also  made  for  the  possibility  that  both  adsorbed 
parent  species  and  gas  phase  intermediate  species  led  to  the  formation  of  intermediate 
species  on  the  surface  sites,  which  are  responsible  for  the  SiC  deposition. 

The  deposition  thickness  profile  was  obtained  by  solving  the  transport-reaction 
equations,  which  included  both  forced-flow  and  diffusion  transport  mechanism. 

Parameters,  such  as  forced-flow,  deposition  temperature,  ratio  of  the  sticking 
coefficients  of  TMS  and  intermediate  species,  were  studied  in  order  to  understand  their 
influence  upon  the  deposition  thickness  profile. 


THEORY 


(X)  Deposition  mechanism 

Our  kinetic  model  of  the  deposition  of  SiC  from  CHjSiClj  (TMS)  is  based  on  the 
assumption  that  the  deposition  rate  is  kinetically  controlled.  The  gas  phase 
decomposition  of  TMS  into  certain  intermediate  species  is  also  assumed.  Schematic 
diagram  of  the  assumed  kinetic  model  for  the  deposition  of  SiC  from  TMS  is  shown 
fig.l.  Shaded  areas  represent  species  on  the  surface  sites,  and  plain  rectangular  a 
represent  gas  phase  species. 

Assume  that  the  surface  concentration  of  TMS  (#ms)  and  intermediate  spec.es 
(flip)  are  in  steady  state  condition,  then  the  following  relationship  could  be  obtained 


n.  _  k?CiP+k3C  L  ms  k.sflpns  / ,  , 

lp  k. 2+1(5  ' 

where  Ctms  and  Cjp  are  the  gas  phase  concentration  of  TMS  and  intermediate  species 
respectively. 

Thus  the  surface  growth  rate  (rs)  could  be  expressed  as, 


rs(rnol/cm2sec)  =  (2) 

with  the  assumption  that  k^flt  ms  <<  k2Cip+k3Ctms- 

From  the  kinetic  theory  of  gases,  k2  and  k3  could  be  expressed  in  terms  of  the 
sticking  coefficient  of  the  gas  species  as  [12J, 

k2  =  0.25(Sc  Vt)tms ,  k3  =  0.25(Sc  Vt)ip  (3) 

with 

Sc,  =  Sticking  coefficient  of  the  gas  species  i 

Vtj  =  The  thermal  mean  velocity  of  the  gas  species  i  =  (8kT/7rMi)° 5 

From  equation  (2)  it  is  clear  that  the  deposition  thickness  profile  along  the  pore 
direction  depends  on  the  concentrations  of  both  TMS  and  intermediate  species  These 
concentration  can  be  determined  by  considering  the  simultaneous  transport  mechanism 
and  chemical  reactions  within  the  single  pore  geometry,  which  will  be  discussed  in  the 
following  section. 
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(2)  Transport-reaction  equations 


The  governing  transport-reaction  equation  in  a  steady  state  one  dimensional  flow 
for  a  general  species  (i)  can  be  written  as  [13,14] 


-Di 


32Cj 

ax- 


+  Ui 


oC,  „ 

~oT-  =  ^ 


(4) 


where  D;,  Uj,  and  Cj  are  the  diffusion  coefficient  (cm2/sec),  flow  velocity  (cm/seci, 
and  the  concentration  (mol/cm2)  of  the  species  (i).  Also  q;  (mol/cm2/sec)  is  the  rate 
of  generation  (or  depletion)  of  the  species  (i)  per  unit  length  of  the  single  pore. 

With  the  application  of  the  assumed  deposition  mechanism  and  equation  (4), 
transport— reaction  equations  for  the  species  TMS  and  intermediate  can  be  written  as. 


-Dtms +  Uo  -f£“S-  +  (kl+Sc1Vt1/d)Ctms-k.lC2ip=0 

-Dip  -  ^  fa  ■  +  Uo  -ffa-  +  (k.1C,p+SclVtl/d)C,p-klC«-0 
where  d  is  the  diameter  of  the  pore. 

The  associated  boundary  conditions  are, 


at  X  =  ° 

Ctms  =  CtmsOi  Ujp  =  Cjpo 


at  X  =  L/2  =  L0 

ims  ..  dC 

IX - w 


iE_  =  0 


(5a) 

(5b) 


(6a) 

(fib) 


Analytical  solutions  are  difficult  to  obtain  for  the  nonlinear  coupled 
transport-reaction  equations  (5a)  and  (5b).  In  the  following  section,  the  finite  element 
method  (FEM)  was  used  to  solve  the  transport-reaction  equations  numerically. 


FINITE  ELEMENT  MODELING 

The  following  group  of  dimensionless  parameters  wer’  used  for  the  dimensional 
analysis  of  the  transport— reaction  equations  (5a, b),  and  the  associated  boundary 
conditions  (6a, b): 


X/L0  —  X*,  C/Ctmso  —  C*,  Ratio  —  Dtms/Dip 

Finite  element  formulations  were  obtained  by  multiplying  the  dimensionless 
governing  equations  with  weighting  functions  'J'i(X)  and  ^(X)  respectively,  then 
integrating  over  the  entire  domain  [15].  The  star  symbol  is  dropped  in  the  subsequent 
expressions  for  clarity. 


Finite  Element  Formulations 


K  a 

Kn1 

|  Ctos  ! 

O' 

.K:, 

Kjj 

!_  Cip  j 

.0 

Boundary  Conditions 
at  X  =  0 

Utms  =  1-0,  C(p  =  Cipo/Cimsj 
at  X  =  1.0 

dCtms  dCin  _  ft  ft 

“3X - 


(7a) 


(7b) 


(7c) 
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with 


( e> 
K 

LI 

f  r  SN’i 

-  -|gi  +  Peclet  Ni  -gU 

+  (Gas, 4-Surf,)  NiNj}  dX 

<  ej 
K 

=  -f  {Gas. 

i  CtBSS  Cip  NiNj}  dX 

12 

Jfie 

<e: 

K 

=  —  f  {Gas, 

Ratio  NiNj}  dX 

21 

Jne 

<e; 

K 

22 

-f  f 

— 4’  P6ctlct  Ratio 

SNi 

■or  + 

(Gas^CipCtnsaRatio+Surf^NiNjJdX 

with 

Pedet  =  j'oWDtms  =  Pedet  Number  of  TMS 

Gas,  =  kiLoVDtms  =  Forward  Gas  Phase  Damkohler  Number  of  TMS 

Gas.,  =  k.,Lo2/Dtms  =  Backward  Gas  Phase  Damkohier  Number  of  TMS 

Surf!  =  SciVtiLo2/d/Dtms  =  Surface  Damkohler  Number  of  TMS 

Surf}  =  Sc}Vt}Lo2/d/D;p  =  Surface  Damkohler  Number  of  Intermediate  Spedes 


Two-node  lineat  elements  are  used  to  discretize  the  domain.  The  evaluation  of 
K  [2  and  Kn  terms  requires  prior  knowledge  of  Cip  and  renders  the  equations  nonlinear. 
Also  because  of  the  existence  of  convection  terms  in  the  formulations,  the  stiffness 
matrix  is  unsymmetrical.  The  direct  iteration  scheme  was  used  to  solve  the  nonlinear 
finite  element  problem  [15]. 


RESULTS  AND  DISCUSSIONS 

I'll  Effect  of  the  deposition  temperature  upon  the  thickness  profile 

Fedou  et  al.  [5]  studied  the  chemical  vapor  infiltration  process  of  SiC  from  TMS 
precursor  along  single  pores  with  1cm  length  and  34frm  diameter.  The  deposition 
temperatures  were  1223°K,  1323°K,  and  1373°K,  with  the  deposition  pressure 
maintained  around  20  kPa.  The  ratio  of  H}  and  TMS  was  about  5. 

The  data  used  to  simulate  this  SiC  CVT  process  is  presented  in  Table  I.  Degree 
of  dissociation  of  TMS  molecules  (a)  was  used  to  estimate  the  equilibrium  constant 
Kg.  The  model  predictions  were  found  to  be  in  good  agreement  with  the  reported 
experimental  results  [5],  as  shown  in  Fig.2. 


f2l  Sticking  coefficient  ratio  effect 

As  mentioned  above,  there  are  two  contributions  to  the  surface  concentration  of 
intermediate  species:  (1)  from  the  adsorption  of  intermediate  gas  phase  species  and  (2) 
from  the  adsorption  of  TMS  itself,  which  then  decomposes  into  the  intermediate 
product  after  being  adsorbed. 

With  the  same  entrance  deposition  thickness,  different  sticking  coefficient  ratio 
(Sci/Scz)  resulted  in  different  deposition  profiles  especially  for  low  deposition 
temperature  (1223’  K),  as  illustrated  in  Fig.3a/3b. 
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(S'!  Forced-flow  effect 

The  forced-flow  effects  upon  the  deposition  thickness  profile  is  very  small  for 
Peclet  numbers  up  to  1.0  for  both  low  and  high  deposition  temperatures,  as  shown  in 
Fig.4a/4b.  For  low  deposition  temperature  (1223‘K)  with  high  Peclet  numbers  (10.0), 
the  convection  flow  can  carry  the  reactive  gas  species  deep  into  the  pore,  thus  resulting 
in  a  more  uniform  deposition  profile.  On  the  other  hand,  the  influence  of  the 
forced-flow  upon  the  deposition  profile  at  high  deposition  temperatures  (1373' K)  is 
minute  even  for  high  Peclet  number  (10.0). 

Table  I  Simulation  data  for  SiC  deposition  from  TMS 
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Fig.l  Schematic  diagram 
of  deposition  mechanism 
of  SiC  from  TMS 


Fig. 2  Thickness  profiles  of  SiC 
deposited  from  TMS. 


Fig. 3  Effect  of  the  sticking  coefficient  ratio  on  the  thickness  profile 


232 


Fig. 4  Forced-flow  effect  on  the  deposition  proflle 


CONCLUSIONS 

This  paper  presents  a  new  model  for  the  deposition  of  SiC  from  TMS  along  a  pore 
geometry.  Both  homogeneous  and  heterogeneous  chemical  reactions  were  considered  in 
this  model.  Simulation  results  were  in  good  agreements  with  the  reported 
experimental  data  by  Fedou  et  al.  [5]. 

The  effect  of  critical  parameters  such  as,  deposition  temperature,  sticking 
coefficient  ratio,  and  forced-flow,  on  the  deposition  thickness  profile  were  investigated 
in  this  paper.  Influence  of  the  sticking  coefficient  ratio  on  the  thickness  profile  was 
found  to  be  large  for  the  low  deposition  temperatures.  Forced-flow  effect  is  very  small 
unless  the  Peclet  Number  is  larger  than  1.0. 

Since  the  aspect  ratio  of  the  infiltrated  composite  preform  is  usually  very  small, 
premature  pore  blockage  is  expected  for  isothermal  CVI  processes  of  SiC  deposited 
from  TMS.  The  application  of  the  forced-flow  can  not  wholly  solve  the  problem  unless 
the  Peclet  number  is  very  high  and  the  deposition  temperature  is  low  enough.  This 
illustrates  the  importance  of  the  thermal  gradient  CVI  processes  in  lowering  the  final 
porosity  of  the  infiltrated  parts. 
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ABSTRACT 

A  forced-flow  thermal-gradient  chemical  vapor  infiltration  process  has  been  developed  to 
fabricate  composites  of  thick-walled  tubular  geometry  common  to  many  components.  Fibrous 
preforms  of  different  fiber  architectures  (3-dimensionally  braided  and  filament  wound)  have  been 
investigated  to  accommodate  components  with  different  mechanical  property  requirements.  This 
paper  will  discuss  the  fabrication  of  tubular,  fiber-reinforced  SiC  matrix  composites  and  their 
mechanical  properties. 


INTRODUCTION 

Fiber-reinforced  SiC-matrix  composites  appear  promising  for  gas  turbine  applications  because 
of  their  high  strength  at  elevated  temperature,  light  weight,  thermal  shock  resistance,  damage 
tolerance,  and  oxidation  and  corrosion  resistance.  However,  incorporation  of  continuous  ceramic 
fibers  into  ceramic  matrices  without  significant  damage  to  the  fibers  is  difficult.  Hot-pressing  of 
fiber-reinforced  composites  is  impractical  because  the  extremes  of  temperature  and  pressure  weaken 
the  continuous  fibers.  Cold-pressing  and  sintering  routes  to  the  fabrication  of  composites  are  of  no 
value  because  typical  sintering  temperatures  greatly  exceed  the  temperature  limit  of  the  fibers  [1,2). 
Because  of  these  limitations  several  novel  impregnation  processes  have  been  developed.  One  such 
process  impregnates  a  fibrous  preform  with  liquid  precursors  that  transform  to  ceramic  materials  on 
heat  treating  [3-5|.  A  second  process  impregnates  a  fibrous  preform  with  extremely  fine  metallic 
silicon  which  converts  to  silicon  nitride  when  reacted  with  nitrogen  gas  at  elevated  temperatures 
[6,7].  The  greatest  success  has  been  achieved  by  vapor-phase  processing,  leading  to  a  class  of 
techniques  termed  chemical  vapor  infiltration  (CVI).  Two  distinctly  different  vapor  phase  processes 
have  been  used  to  fabricate  matrices:  isothermal  CVI,  [8-11]  which  is  used  commercially,  and  forced 
CVI  under  development  at  Oak  Ridge  National  Laboratory  (ORNL)  [12-15]. 

Fiber-reinforced  composites  are  being  considered  for  combustors,  burner  tubes,  heat 
exchangers,  headers,  hot-gas  filters  and  even  rotors  for  stationary  gas  turbine  engines. 
Unfortunately,  neither  of  the  CVI  processes  described  above  has  demonstrated  the  ability  to 
fabricate  thick-walled  tubular  shapes  appropriate  for  turbine  engines.  Isothermal  CVI  is  ideal  for 
the  fabrication  of  thin-v  ailed  structures  including  complex  shapes,  however,  infiltration  times 
become  extremely  long  for  thick  cross  sections.  The  forced  CVI  process  has  been  developed  for 
thick-wall  plates,  however,  very  few  tubular  shapes  have  been  infiltrated.  Therefore,  the  focus  of 
this  investigation  was  the  development  of  the  forced  CVI  process  for  the  fabrication  of  thick -walled 
tubular  composites. 


FIBROUS  PREFORMS 

Nicalon  fiber  preforms  of  a  tubular  geometry  (2.5  to  3.8  cm  ID;  0.6  cm  wall  thickness;  «15 
cm  long)  were  fabricated  with  different  fiber  architectures.  Nicalon  is  a  polymer  derived  SiC  fiber 
that  is  microcrystalline  or  amorphous  in  nature  and  contains  significant  amounts  of  silica  ]16,17]. 
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Filament  winding  of  fiber  lows  was  used  to  fabricate  components  that  require  high  hoop  or  radial 
stengths,  but  relatively  modest  axial  strengths.  A  fiber  architecture  of  this  type  would  be  ideal  for 
combustors  or  headers.  Three  dimensional  braiding  was  used  to  fabricate  components  for 
applications  such  as  burner  tubes  or  heat  exchangers  that  require  high  axial  strengths  but  only 
modest  hoop  strengths.  Preforms  were  also  fabricated  by  wrapping  layers  of  cloth  around  a  mandrel 
so  that  half  the  fibers  were  in  the  hoop  direction  and  half  in  the  axial  direction.  Rlamatt  wound 
preforms  formed  on  graphite  mandrels  were  prepared  by  the  K-25  plant  in  Oak  Ridge.  The 
graphite  mandrels  contained  hundreds  of  holes  to  permit  ready  access  of  reactant  gases  to  the 
fibrous  preform.  The  initial  preforms  were  unidirectionally  wound  with  the  fibers  less  than  1°  off 
the  hoop  direction.  Satisfactory  tubes  with  fiber  contents  of  45  to  55  vol  %  were  produced,  but 
because  of  the  small  angle,  expected  strengths  in  the  axial  direction  are  minimal.  Therefore,  tubes 
were  produced  with  the  fibers  10°  off  the  hoop  direction  to  increase  the  axial  strength  (Fig.  1). 
Initially,  space  was  left  between  fiber  tows,  however,  large  pores  became  aligned  on  top  of  each 
other  making  thorough  infiltration  difficult.  The  winding  technique  was  then  modified  to  place 
adjacent  tows  in  contact.  This  winding  technique  produced  a  density  of  about  47  vol  %  and 
prevented  the  formation  of  large  pores  in  the  preform. 
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Fig.  1  Preforms  with  different  fiber  architectures;  (left)  filament  wound  with  fibers  10°  off 
the  hoop  direction,  (center)  same  except  adjacent  tows  arc  touching,  (right)  3-D  braid. 

Ouadrax  Corporation*  prepared  3D  braided  preforms  on  graphite  mandrels  for  this  study. 
The  initial  tubes  were  braided  very  loosely  and  contained  only  about  15  vol%  Nicalon  fibers  (Fig. 
1).  Near  the  ends  of  the  preforms,  the  braided  fibers  were  bound  to  the  mandrel  with  graphite  yarn 
to  prevent  the  braid  from  unraveling.  Infiltration  of  such  a  low  density  preform  proved  to  be 
impossible  with  the  forced  CV1  process.  Therefore,  researchers  at  Quadrax  Corporation  modified 
their  process  in  order  to  fabricate  tubes  containing  up  to  40  vol  %  Nicalon  fibers. 

In  another  approach,  process  was  developed  to  fabricate  preforms  for  hot-gas  filters  that 
combines  continuous  and  chopped  fibers.  The  continuous  fiber  produces  the  strength,  damage 
tolerance,  and  thermal  shock  resistance  while  the  chopped  fibers  control  the  permeability  and 
filtering  efficiency  of  the  filter  surface.  Preforms  of  this  type  arc  fabricated  by  fiber  molding 
chopped  fibers  into  the  open  pores  of  a  braided  substrate.  Hybrid  preforms  have  proven  to  be  ideal 
for  hot  gas  filter  applications  in  work  being  performed  at  The  3M  Company.  One  further  advantage 
of  the  process  is  that  expensive  Nicalon  fibers  can  be  replaced  by  less  expensive 
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chopped  alumina  or  Nextel  fibers.  Because  of  lhc  reduced  cost,  hybrid  preforms  may  also  find 
application  in  heat  exchangers  or  regenerators  where  strength  requirements  arc  quite  modest. 


FIBER-MATRIX  INTERFACE 

The  mechanical  properties  of  fiber-reinforced  ceramic  composites  are  controlled  by  the 
amount  of  fiber  in  each  orientation  and  the  strength  of  the  bond  between  the  fibers  and  the  matrix 
[18J.  Experience  has  shown  brittle  composites  result  when  the  SiC  matrix  is  applied  directly  onto 
the  Nicalon  fibers.  Fracture  surfaces  for  these  materials  are  fiat  and  smooth  with  no  evidence  of 
fiber  pullout  that  results  in  toughening.  To  control  the  interfacial  bond  strength  and  protect  the 
fibers  from  the  corrosive,  HC1  laden  CVI  atmosphere,  a  thin  layer  of  pyrolytic  carbon  (0.1  to  0.5/um 
thick)  is  deposited  onto  the  Nicalon  fibers.  The  laminar  structure  of  the  graphitic  carbon  coating 
protects  the  fibers  from  HCI  attack  and  promotes  the  movement  or  slip  of  the  fiber  within  the 
matrix. 


CVI  PROCESSING 

Forced  chemical  vapor  infiltration  as  developed  at  the  Oak  Ridge  National  Laboratory 
utilizes  a  thermal  gradient  and  a  pressure  gradient  to  efficiently  infiltrate  simple  fiat  plate  preforms 
of  thick  cross-section.  The  forced  CVI  process  was  recently  modified  so  that  tubular  preforms  could 
be  infiltrated  by  creating  a  thermal  gradient  from  the  outside  of  the  tube  to  the  inside  j  19).  While 
the  outside  of  the  preform  is  heated,  cold  water  is  circulated  through  the  stainless  steel  injector  to 
cool  the  inside  diameter  of  the  fibrous  preform  (Fig.  2).  The  gaseous  reactants  enter  the  furnace 
through  tubing  that  runs  within  the  water  cooling  passage.  Reactants  flow  from  the  tubing  in  the 
cooling  passage  into  a  graphite  gas  distributor  and  are  dispersed  along  the  length  of  the  preform 
through  parallel  slots  in  a  graphite  gas  distributor.  Reactants  then  proceed  uniformly  through  holes 
in  the  graphite  mandrel  into  the  preform  (Fig.  3). 


Fig.  2  Schematic  of  equipment 
used  to  infiltrate  tubular  preforms. 
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Fig.  3  Photo  of  graphite  gas  distributor 
and  mandrel  for  infiltrating  tubular  composites. 


Densification  of  the  tubular  preforms  occurs  when  hydrogen  and  melhyltrichlorosiiane 
(CHjSiClj  or  MTS)  flow  through  the  mandrel.  Decomposition  of  the  MTS  and  deposition  of  SiC 
occurs  as  the  gases  approach  the  higher  temperature  regions  near  the  outer  diameter  of  the  preform. 
Deposition  of  SiC  within  the  hot  region  of  the  preform  increases  the  density  and  thermal  conductivity 
of  the  material.  Therefore,  the  deposition  zone  moves  from  the  outer  diameter,  hotter  regions 
toward  the  inner  diameter,  cooler  regions. 

Filament  wound  preforms  were  effectively  infiltrated  from  the  outset  using  this  system.  The 
high  fiber  content  of  the  preform  produced  a  sufficient  backpressure  to  disperse  the  reactants  along 
the  length  of  the  tube  allowing  them  to  flow  uniformly  through  the  walls  of  the  preform.  The 
microstructure  of  filament  wound  composites  (Fig.  4a)  demonstrates  that  the  limited  amount  of 
porosity  is  distributed  uniformly  through  the  thickness.  In  contrast,  flat  plate  preforms  produced  by 
cloth  layups  result  in  a  very  different  microstructure  (fig.  4b).  Note  the  greater  amount  of  porosity 
and  the  tendency  for  voids  to  line  up  regardless  of  the  layup  (0°-90“  vs  30“  -60°  -90°  etc.). 


Fig.  4  Microstructure  of  a)  filament  wound  tubular  composite  and  b)  a  flat  plate  type  composite 
(cloth  layup  preform).  Note  the  interconnected  porosity  from  layer  to  layer  in  the  flat  plate 
composite. 

Braided  preforms  were  much  more  difficult  to  infiltrate  than  filament  wound  preforms. 
Braided  preforms  with  a  fiber  content  of  only  15  vol%  were  investigated  initially.  The  low  fiber 
content  and  large  gaps  between  fiber  bundles  created  voids  that  extended  through  the  thickness  of 
the  preform.  Because  of  these  voids,  no  backpressure  was  created  by  the  preform  to  disperse 
reactants  along  the  length  of  the  tube.  Therefore,  reactant  gases  entered  the  center  of  the  preform 
and  flowed  directly  through  the  walls  so  that  very  little  SiC  was  deposited.  Preforms  that  had  been 
braided  to  a  fiber  loading  of  33  vol  %  were  also  infiltrated.  The  porosity  created  by  this  braid  was 
more  uniformly  distributed,  however  the  permeability  was  relatively  high  and 
reactants  moved  through  the  preform  so  that  little  deposition  occurred  near  the  ends  of  the  preform. 
Braided  preforms  with  still  Higher  densities  wilt  be  required  to  obtain  proper  infiltration.  Prckxms 
fabricated  for  use  as  hot-gas  filters  containing  braided  continuous  fibers  and  fiber  molded  chopped 
fibers  were  also  investigated.  Since  chopped  fibers  are  much  less  permeable  to  gases  than  cloth,  the 
hybrid  preform  created  a  significant  backpressure  that  dispersed  the  reactants  along  the  length  of  the 
tubular  preform.  The  uniform  movement  of  reactants  through  the  preform  resulted  in  SiC  being 
deposited  in  the  hot  outer  region  of  the  tube.  After  sufficient  densification  occurred,  the  infiltration 
proceeded  to  the  center  and  inner  diameter  of  the  preform. 
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MECHANICAL  PROPERTIES 

The  mechanical  properties  of  SiC  matrix  composites  reinforced  with  Nicalon  fibers  have 
been  characterized  when  fabricated  as  simple  disks  [19J.  Forced  CVl  composites  exhibit  an  average 
flexure  strength  of  =380  MPa  and  an  apparent  fracture  toughness  of  =23  MPa*ml/l  To  date,  the 
mechanical  property  characterization  of  tubular  shaped  composites  has  been  very  limited.  The 
mechanical  properties  of  one  filament  wound  3,8  cm  diameter  (6  mm  wall  thickness)  tubular 
composite  have  been  measured.  The  16  cm  long  tubular  composite  was  cut  into  6mm  thick  C-ring 
specimens.  Room  temperature  compression  testing  of  three  of  these  rings  ranged  from  777  MPa 
to  842  Mpa.  Testing  at  1000“C  resulted  in  slightly  lower  strengths  that  ranged  from  574  to  603 
MPa.  Composites  reinforced  with  braided  or  filament  wound  preforms  are  currently  being 
fabricated  for  tension/torsion  testing  at  room  and  elevated  temperature. 


CONCLUSIONS 

Fiber-reinforced  SiC  matrix  composites  of  tubular  geometry  are  desired  for  application  in 
advanced  gas  turbines  because  of  their  oxidation  resistance,  damage  tolerance,  and  thermal  shock 
resistance.  A  process  has  been  developed  that  can  efficiently  fabricate  thick-walled  tubes  in  short 
times  without  damaging  the  reinforcing  fibers.  Tubular  preforms  were  obtained  with  different  fiber 
architectures  to  satisfy  different  strength  requirements.  Densificalion  of  filament  wound  tubes  was 
accomplished  without  difficulty  because  the  tubular  preforms  were  sufficiently  permeable  to  disperse 
the  reactants  along  the  length  of  the  preform.  Infiltration  then  proceeded  as  desired  from  the  hot 
face  to  the  cool  face  of  the  preform.  Dcnsification  of  braided  preforms  was  considerably  more 
difficult.  Braided  preforms  were  less  dense  and  had  porosity  that  extended  through  the  walls. 
Therefore,  the  preforms  were  so  permeable  that  reactants  failed  to  disperse  properly  along  the 
length  of  the  preform.  After  denser,  much  less  permeable  braided  preforms  were  obtained, 
densificalion  of  tubular  preforms  was  achieved.  C-ring  strengths  of  filament  wound  composites  were 
found  to  be  quite  high  (=800  MPa)  at  room  temperature  but  decreased  to  =600  MPa  at  1000“  C. 
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ABSTRACT 

Boron  nitride  has  beer  identified  as  a  good  fiber/matrix 
interface  coating  for  Sic  fibers  in  a  Si3N4  matrix.  Boron 
nitride  thin  films  prepareo  from  BC13  and  NH3  at  1000°C  and  from 
32Hs  and  NH3  at  550°C  were  deposited  on  SiC  (Nicalon*)  cloth  in  a 
low  pressure  chemical  vapor  deposition  reactor.  The  coating 
thickness  was  varied  from  0.1  pm  up  to  4  gm.  Dix  layers  of  cloth 
for  each  coating  thickness  were  incorporated  into  a  chemical 
vapor  infiltrated  matrix  of  amorphous  Si3N4. 

Flexural  strength  data  and  composite  toughness  were  obtained 
from  three-point  bend  tests.  Scanning  electron  microscopy  and 
metal lographic  analysis  of  fracture  surface  morphology  were  used 
to  determine  the  failure  mode. 


INTRODUCTION 

The  development  of  ceramic  matrix  composite  fabrication 
technology  has  progressed  to  the  point  where  fiber-matrix 
interface  coatings  will  be  required  to  achieve  satisfactory 
fracture  resistance  t-3.  interface  coatings  applied  are  known  tu 
principally  serve  two  functions.  The  interface  coating  may 
provide  a  barrier  against  diffusion  between  the  fiber  and  the 
matrix  3>4.  Secondly,  to  transfer  the  load  from  the  matrix  to  the 
fiber,  thereby  enhancing  the  strength  of  the  material  and,  if  the 
interface  bonding  is  not  too  strong,  enhance  the  fracture 
toughness  of  the  composite  through  fiber  pullout  i-s. 

Boron  nitride  has  been  identified  as  a  good  barrier  coating 
for  silicon  carbide  fibers.  Indentation  studies,  where  the  force 
to  push  the  fiber  through  the  matrix  is  measured,  show  a  low 
frictional  stress  of  -6.6  MPa  in  a  Silicon  Carbide  matrix  6  and 
16  MPa  in  a  Si3N4  matrix  5.  low  matrix  shear  stress  results  in 
greater  fiber  pullout  during  failure. 


EXPERIMENTAL  PROCEDURE 

The  coatings  discussed  here  were  made  on  Nicalon®  CG  SiC 
cloth.  The  cloth  was  cut  into  strips,  5  cm  by  20  cm  and  placed 
inside  a  cylindrical  graphite  susceptor.  The  susceptor  was  5  cm 
ID  by  25  cm  long,  supported  inside  a  quartz  tube.  The  graphite 
was  inductively  heated.  Coating  gases  were  fed  through  the  top 
of  the  quartz  tube  and  evacuated  through  the  bottom. 

Amorphous  boron  nitride  coatings  were  prepared  by  two 
different  CVD  routes3.  A  high  temperature  BN,  was  prepared  from 
boron  trichloride  and  ammonia  in  hydrogen. 
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The  following  first  order  reaction  is  assumed: 

BC1-,  +  NHj  =»  BN  +  3HC1. 

This  reaction  for  deposition  of  BN  on  Nicalon11  cloth  is  carried 
out  at  1000°c  and  a  pressure  of  3  to  4  torr.  The  reaction 
proceeds  rapidly  at  these  conditions.  A  deposition  rate  on  the 
order  of  0.15  um/rain  is  not  unusual.  The  second,  a  dual  BN 
coating  was  prepared  in  two  steps.  The  first  step  consists  of 
reacting  diborane  and  ammonia  at  550°C  in  hydrogen  according  to 
the  following  reaction: 

B2H6  +  2NH3  =»  2 BN  +  6H2 . 

This  low  temperature  BN  was  found  to  protect  the  fibers  from 
chemical  attack  such  as  Cl-  from  the  BC13  reaction.  The  second 
step  in  the  dual  coating  is  the  deposition  of  high  temperature  BN 
as  previously  described. 


Composite  Fabrication 

Composite  coupons  were  made  from  the  coated  Nicalon*  fabric 
and  chemically  vapor  infiltrated  with  silicon  nitride.  The 
coupons  con3isteded  of  six  layers  of  cloth.  The  BN  coated  strips 
of  cloth  were  made  into  preforms  by  binding  the  layers  together 
with  polystyrene.  Preforms  made  in  this  manner  have  the 
advantage  that  fiber  architecture  and  fiber  volume  fraction  can 
be  more  accurately  controlled.  These  preforms  were  then  cut  into 
1  cm  x  4  cm  squares.  The  thickness  of  the  coupons  was  influenced 
by  the  thickness  of  the  coating  on  the  fibers  and  ranged  from  2.8 
mm  to  3.8  mm.  in  addition  to  the  coupons  made  with  coated 
Nicalon*.  one  sample  was  made  from  Nicalon*  which  received  no 
coating. 

The  composite  infiltration  was  performed  using  the  33  cm  ID 
coater,  designed  at  GA  for  that  purpose.  The  coater  can  be  used 
for  chemical  vapor  infiltration  in  several  configurations  such  as 
isothermal,  thermal  gradient,  or  thermal  gradient  with  forced 
flow.  For  making  the  composites  described  here,  a  thermal 
gradient  with  forced  flow  was  used.  The  samples  were  constrained 
in  a  graphite  fixture  and  radiantly  heated  from  above  and 
actively  cooled  from  below.  The  coating  gases  were  forced 
through  channels  in  the  graphite  fixture  and  the  layers  of  cloth. 
As  the  reactant  gases  pass  through  the  thermal  gradient, 
reactions  take  place  which  result  in  the  deposit  being  formed  at 
the  hot  surface.  As  the  process  continues,  the  deposition  front 
moves  downward  through  the  cloth  raising  the  local  temperature. 
The  deposition  of  SijN,  is  achieved  by  reacting  SiCls  with  NH3  at 
/50to  SOO^C  and  a  pressure  of  100  torr. 


Composite  Testing 

The  composite  coupons  were  carefully  removed  from  the 
graphite  fixture.  To  avoid  weakening  the  coupons  by  prying  them 
away  from  the  fixtures,  any  graphite  remaining  on  the  coupons  was 
oxidatively  remtved  by  heat  treating  overnight  at  650°C  in  an  air 
furnace.  Each  coupon  was  sectioned  into  six  (6)  strips  using  a 
diamond  blade  sectioning  saw.  The  average  dimensions  for  the 
test  beams  were;  6mm  X  3mm  and  4  0mm  long. 
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RESULTS 

A  short  beam  3-point  bend  te3t  was  performed  on  three  samples 
from  each  coupon.  Figure  1  summarizes  the  average  flexural 
strengths  for  the  samples  tested  at  room  temperature.  The 
composites  made  from  the  high  temperature  BN  coated  cloth  showed 
the  highest  strength  with  an  average  strenqth  of  212  MPa.  The 
composites  made  from  the  cloth  with  a  dual  coating  of  BN 
exhibited  a  moderate  strength  with  an  average  of  132  MPa. 


Figure  1.  Results  of  3-point  bend  tests  for  composite 

coupons  with  and  without  bn  coating  on  fibers. 

Scanning  electron  microscopy  was  used  to  examine  the  fracture 
surfaces  of  the  broken  samples.  The  samples  in  which  the  fibers 
were  coated  with  BN  showed  considerable  fiber  pullout.  The 
fracture  surface  of  the  sample  made  from  uncoated  fibers  was 
relatively  smooth  and  indicates  an  undesirable  brittle  failure. 
The  stress  strain  curves  for  these  samples  support  the  same 
result. 

Figure  2  displays  an  optical  micrograph  of  two  of  the  broken 
samples,  magnified  8x.  in  the  figure,  the  sample  made  from  the 
dual  BN  coated  Nicalon®  is  on  the  top  (flexural  strength,  132 
MPa)  ,  and  the  sample  made  from  the  high  temperature  BN  coated 
Nicalon*  is  below  (flexural  strength,  212  MPa).  While  both  show 
the  fiber  pullout  characteristic  of  tough  composites,  the  degree 
of  pullout  in  the  bottom  sampie  helps  to  explain  the  difference 
in  strength  between  them. 

Fiber  Coatina  Optimization 

The  high  temperature  BN  coated  Ticalon®  composite  exhibited 
the  greatest  flexural  strength  in  this  study.  Not  immediately 
clear,  whether  the  difference  in  strengths  seen  between  the  high 
temperature  BN  and  the  dual  BN  coated  Nicalon®  composites  is  due 
to  the  difference  in  the  chemistry  of  the  BN  or  some  other 
parameter,  such  as  coating  thickness.  The  variation  in  coating 
thickness  is  readily  apparent  since  the  high  temperature  BN  was 
on  the  order  3  to  4  (im  thick  while  the  dual  BN  was  approximately 
0.15  um  thick. 
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Figure  2.  Fracture  edges  of  Si3N,  composites  with;  dual 
coating  of  BN  in  the  top  sample,  and  high  temperature  BN 
in  the  bottom  sample,  (magnif ication  8X) 


However,  examination  of  the  fracture  surfaces  for  the  two 
interface  coatings  shows  that  debonding  occurred  at  the 
fiber/coating  interface.  The  scanning  electron  micrograph  in 
Figure  3  shows  the  debondinq  and  crack  deflection  at  the 
fiber/coating  interface.  The  granular-like  appearance  of  the 
surface  in  this  figure  is  an  artifact  of  the  polishing  procedure 


Figure  3.  Scanning  electron  micrograph  photo  showing  crack 
deflection  at  the  fiber/coating  interface. 

(magnification  1500X) 
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If  equal  or  perhaps  greater  strength  in  the  composite  can  be 
obtained  by  a  thinner  coating,  this  would  enhance  not  just  the 
mechanical  properties,  but  would  speed  the  processing  as  well. 

In  order  to  address  this  issue,  additional  composites  were  made 
with  different  fiber  coating  thicknesses.  Four  coupons  were  made 
with  high  temperature  BN  coatings,  targeting  thicknesses  of  0.1, 
0.5,  1,  and  4  tun  thick  on  Nicalon®  HVR.  The  actual  thickness 
achieved  were  0.12,  0.5S,  1.07,  and  5.6  pm.  One  coupon  of 
Nicalon®  HVR  with  1.0  pm  thick  coating  of  low  temperature  BN  was 
included.  The  infiltration  was  repeated  as  described  previously 
with  Si3N4.  The  coupons  were  sectioned  and  tested  using  a  3- 
point  bend  test.  These  results  are  shown  in  Figure  4.  This 
figure  illustrates  that  for  the  high  temperature  BN  the  composite 
strength  is  independent  of  fiber  coating  thickness  for 
thicknesses  between  0.55  and  5.6  pm.  However,  there  is  a 
significant  reduction  in  strength  when  the  coating  thickness  is 
reduced  to  0.12  pm.  Also,  when  comparing  the  0.16  pm  thick  low 
temperature  BN  with  the  0.12  pm  thick  high  temperature  BN,  there 
is  a  distinct  contrast  between  the  effectiveness  of  the  two 
coatings,  with  the  high  temperature  BN  composite  being  stronger, 
though  thinner. 
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Figure  4.  Results  of  3-point  bend  tests  for  Si3N4  matrix 
composites  with  varying  thickness  of  BN  interface  coatings. 
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CONCLUSION 

Boron  nitride  has  shown  to  be  a  good  interface  coating  for 
Sic  fibers  in  a  amorphous  Si3N4  matrix.  A  BN  coating  prepared 
from  BCI3  at  high  temperature  (1000°C)  results  in  a  much  stronger 
and  tougher  composite  than  does  a  coating  prepared  at  low 
temperature  (550°C)  from  B2H6.  The  optimum  fiber  coating  thickness 
for  the  high  temperature  BN  is  greater  than  0.12  (Jin  but  no  r.ore 
than  0.55  pm  for  SiC  fibers  in  a  Si3N4  matrix  composite. 
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ABSTRACT 

A  microwave  assisted  process  for  production  of  continuous  fiber  reinforced  ceramic  matrix 
composites  is  described.  A  simple  apparatus  combining  a  chemical  vapor  infiltration  reactor  with  a 
conventional  700  W  multimode  oven  is  described.  Microwave  induced  inverted  thermal  gradients 
are  exploited  with  the  ultimate  goal  of  reducing  processing  times  on  complex  shapes.  Thermal 
gradients  in  stacks  of  SiC  (Nicaion)  cloths  have  been  measured  using  optical  thermometry.  Initial 
results  on  the  "inside  out"  deposition  of  SiC  via  decomposition  of  methyltrichlorosilane  in 
hydrogen  are  presented.  Several  key  processing  issues  are  identified  and  discussed. 


INTRODUCTION 

Many  materials  used  in  high  temperature  service,  including  monolithic  ceramics,  tend  to  be 
brittle  and  susceptible  to  catastrophic  failure  through  crack  propagation.  This  has  lead  to 
concentrated  interest  in  the  fabrication  of  fiber  reinforced  ceramic  matrix  composites  (CMCs). 
CMCs  consist  of  a  fibrous  backbone,  or  substrate,  whose  void  spaces  are  filled  with  a  "matrix" 
material.  The  chemical  composition  of  the  matrix  may  or  may  not  be  the  same  as  that  of  the  fibers. 
While  a  random  pile  of  individual  fibers  may  be  used  as  reinforcement,  the  tougher  CMCs  typically 
consist  of  continuous  fiber  bundles,  or  yam,  woven  together  to  form  either  two  or  three 
dimensional  "textile"  cloths. 

Processing  techniques  for  CMCs  differ  primarily  in  the  way  matrix  materials  are  infiltrated 
into  the  porous  substrate.  Infiltration  may  involve  molten  liquids,  sol-gels,  polymeric  materials, 
powders,  or  vapors.  Most  of  these  techniques  require  final  densification  steps,  e.g.  sintering, 
involving  matrix  shrinkage.  Large  residual  stresses  can  develop  when  a  matrix  shrinks  around 
non-shrinking  fibers.  Chemical  vapor  infiltration  (CVl)  is  an  attractive  alternative  for  matrix 
deposition  since  it  avoids  stressing  the  fibrous  backbone  during  processing.  Also,  relatively  low 
temperatures  are  used  in  CVI  which  limits  adverse  chemical  attack  on  the  fibers.  Conventional  CVI 
processes  may  be  either  isothermal  or  involve  intentionally  imposed  thermal  gradients.  Deposition 
may  be  reaction  or  diffusion  limited,  or  may  rely  on  forced  and/or  pulsed  reactant  flows.  The 
various  configurations  have  recently  been  reviewed  by  Besmann  et  al  [  1],  To  varying  degrees, 
conventional  CVI  processes  are  typically  subject  to  some  or  all  of  the  following  drawbacks: 
preferential  deposition  in  the  substrate's  outer  regions  leading  to  pore  blockage;  long  processing 
times  with  intermittent  machining  operations;  non-uniform  composite  density;  high  residual 
porosity;  and  limitations  on  substrate  geometry.  However,  despite  inherent  limitations  commercial 
CVI  operations  are  now  in  place. 

The  idea  of  using  electromagnetic  radiation,  in  particular  microwaves,  to  heat  substrates 
during  CVI  has  recently  been  explored  numerically  (2).  The  potential  advantage  in  using 
microwave  heating  is  the  ability  to  heat  the  substrate  internally,  giving  rise  to  "inverted"  thermal 
gradients.  With  the  internal  region  of  the  substrate  hot,  cool  reactant  gases  could  penetrate  inward 
prior  to  the  onset  of  reaction.  Consequently,  deposition  could  occur  from  the  inside-out.  A 
successful  microwave  CVI  process  could  offer  several  advantages  over  conventional  technologies. 
First,  constraints  on  substrate  geometry  would  be  removed.  Second,  more  spatially  uniform,  high 

This  work  is  performed  under  the  auspicies  of  the  U.S.  Department  of  Energy  Office  of  Industrial  Technology, 
Advanced  Industrial  Concepts  (AIC)  Materials  Program. 
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density  composites  should  be  attainable.  Third,  relatively  short  processing  times  should  be 
possible.  Fourth,  machining  operations  to  reopen  closed  pores  should  not  be  necessary  since 
densiftcation  would  occur  from  the  inside-out.  Success  will  of  course  require  proper  management 
of  heating  and  cooling  rates.  The  electric  field  within  the  prefer  n  governs  the  local  heating  rate, 
Interaction  of  an  electromagnetic  field  with  a  porous  preform  is  complicated.  In  general,  the  local 
heating  rate  is  proportional  to  the  square  of  the  electric  field  strength  and  to  the  effective  dielectric 
constant  and  loss  factors  for  the  growing  composite.  On  the  other  hand,  substrate  heat  losses  occur 
primarily  by  way  of  radiation  and  convection.  One  expects  these  losses  to  depend  on  geometry, 
temperature,  flow  rates,  and  to  a  lesser  extent,  on  weave  architecture  and  lay-up  pattern.  The 
present  work  is  an  experimental  investigation  into  the  feasibility  of  microwave  assisted  CVI. 
Emphasis  is  on  quantifying  induced  thermal  gradients,  combining  CVI  and  microwave  heating  to 
demonstrate  inside-out  densification,  and  examination  of  materials  and  processing  issues. 


EXPERIMENTAL  RESULTS 

In  order  to  quantify  the  microwave  induced  thermal  gradients,  optical  thermometry 
experiments  were  conducted.  Measurements  were  made  in  cylindrical  SiC  cloth  lay-ups  subject  to 
700  W  of  2.45  GHz  microwave  energy.  Measurements  were  conducted  in  a  commercial  General 
Electric  multimode  oven.  Temperatures  were  measured  along  both  the  cylinder  axis  and  mid-plane 
radius  using  quartz  fiber  optic  cables  woven  directly  into  the  substrate.  The  optical  cables  were 
connected  via  photodiodes  to  amplifier  circuits  from  which  voltages  were  read.  Each  optical 
thermometer  was  first  calibrated  using  stacks  of  SiC  cloth  placed  in  a  conventional  high 
temperature  furnace.  The  thermal  profiling  data  shown  in  Figure  1  indicates  that  steep  inverted 
thermal  gradients  can  be  established  in  SiC  cloth  lay-ups. 


DISTANCE  FROM  OUTER  EDGE  (cm)  DISTANCE  FROM  TOP  SURFACE  (cm) 

FIGURE  1 .  Inverted  thermal  gradients  in  SiC  cloth  lay-ups. 

Internal  temperatures  in  excess  of  1000°C  were  observed  in  stagnant  air  along  with  gradients  on 
the  order  of  several  hundred  °C/cm.  Similar  gradients  are  seen  in  atmospheres  other  than  air,  e.g. 

""Hi,  CH4,  and  C3H6.  The  error  bars  shown  in  the  figures  include  contributions  from  positioning 
cables  within  the  preform  and  variations  in  the  voltage  readings,  as  deduced  from  the  calibration. 

Figure  2  is  a  schematic  of  the  gas  delivery  system  and  microwave  CVI  cavity.  The  latter 
consisted  of  a  modified  2.45  GHz,  700  W  General  Electric  commercial  multimode  oven.  A  circular 
hole  was  laser  cut  through  the  oven  floor  through  which  a  Pyrex  bell  jar  reactor  was  inserted.  The 
interior  floor  of  the  reaction  vessel  was  a  metallic  plate  with  a  circular  hole  in  the  center  used  for 
reactant  feed  and  product  gas  removal.  A  metallic  sleeve  was  utilized  to  reseal  the  cavity. 
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Provisions  were  made  for  sampling  of  reactant  and  exhaust  gases  for  analysis  by  FT1R  and  mass 
spectroscopy.  Substrates  consisted  of  a  pile  of  ten  circular  Nicalon  (SiC)  cloth  sections  with  a  7  cm 
diameter.  A  quartz  ring  2.5  cm  high  was  used  to  positioned  these  off  the  reactor  floor.  Initial 
experiments  involved  deposition  of  SiC  from  methyltrichlorosilane  (MTS)  and  hydrogen  through 
the  reaction  CH3S1CI3  +  H2  =  SiC  +3HC1.  Two  sets  of  reaction  conditions  were  considered: 
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These  infiltration  conditions  were  chosen  to  represent  both  low  and  high  SiC  deposition  rates. 

Figure  3  shows  photographs  of  cloth  layers  from  the  stack  center  under  Case  I  conditions. 


la)  (b) 

FIGURE  3.  Partially  densified  cloth,  (a)  Inside-out  densification.  (b)  Nonuniform  heating  pattern. 
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With  radiation  and  convective  heat  losses  at  the  surface,  the  highest  temperatures  were  at  the 
preform  center.  CVI  against  the  thermal  gradient  resulted  in  preferential  deposition  in  the  hot 
region.  The  coated  region,  which  appears  white,  is  clearly  seen  in  Figure  3(a).  The  size  of  this 
infiltrated  region  decreases  in  diameter  moving  along  the  stack  axis  toward  either  the  top  or  bottom 
surface  in  general  agreement  with  the  thermal  profile  data  shown  in  Figure  1 .  However,  with  the 
longer  infiltration  times  the  substrate  center  appeared  to  cool  and  patterns  such  as  that  seen  in 
Figure  3(b)  typically  evolved.  Several  factors  may  contribute  to  this  phenomenon.  First,  regions 
may  be  selectively  cooled  by  reactant  gas  flow  patterns.  If  this  is  the  case,  then  a  systematic  study 
using  various  cloth  lay-up  patterns,  weave  architectures,  and  gas  delivery  configurations  is  called 
for.  However,  initial  experiments  do  not  suggest  a  strong  sensitivity  to  lay-up  pattern  or  gas  flow 
rate.  Another  possible  factor  contributing  to  inhomogeneous  heating  patterns  is  that  the  microwave 
cavity  employed  in  these  experiments  is  less-than-perfect.  It  is  widely  known  that  commercial 
multimode  ovens  of  these  dimensions  do  not  heat  uniformly.  A  related  issue  is  that  as  densification 
occurs  it  may  be  necessary  to  continuously  increase  the  microwave  power  input  above  the  currently 
available  700  W  to  maintain  the  desired  heating  rate.  A  more  robust  microwave  CVI  reactor  should 
eliminate  these  difficulties.  Finally,  the  possibility  that  the  deposit  affects  microwave  susceptibility 
must  be  considered.  If  filaments  are  coated  with  a  material  which  does  not  couple  well  with  the 
electric  field  to  produce  heating,  then  the  heating  rate  may  diminish  once  the  coating  thickness 
exceeds  the  skin  penetration  depth: 

Skin  depth  =  1  /  (icf pc)1/2  (1) 


where  f  the  frequency,  p  is  the  permittivity,  and  a  the  dc  conductivity.  If  this  occurs,  then  an 
initially  hot  region  may  be  partially  densified  with  subsequent  cooling.  The  microwaves  may  then 
more  effectively  couple  with  a  different  region  of  the  substrate.  The  impact  of  microwave-material 
interactions  during  SiC  CVI  is  discussed  in  more  detail  in  the  following  section.  A  combination  of 
the  above  mentioned  factors  is  most  likely  responsible  for  the  phenomenon  seen  in  Figure  3(b). 

Figure  4  shows  an  end-on  view  of  a  densified  fiber  bundle  taken  from  the  preform  center 
obtained  using  Case  II  CVI  conditions.  Also  shown  is  the  cloth  total  weight  gain  versus  time  data. 
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FIGURE  4.  (a)  Infiltrated  bundle,  (b)  Weight  gain  data. 
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Under  Case  II  infiltration  conditions,  heating  patterns  remained  circular  on  a  given  cloth  layer.  The 
radius  of  the  hot  spot  increased  with  time  and  there  was  no  apparent  cooling  of  the  interior  regions 
as  deposition  occurred  Fiber  bundles  in  the  interior  of  preform  were  reasonably  dense,  as  seen  in 
Figure  4.  Also,  the  weight  gain  data  for  the  stacked  cloth  layers  showed  a  response  typical  for 
CVI.  However,  x-ray  diffraction  patterns  for  these  samples  indicated  the  deposit  was  rich  in  Si. 
Within  the  densified  region  some  zones  were  clearly  denser  than  others.  This  again  may  be  due  to 
the  inhomogeneous  electric  fields  produced  with  the  present  cavity.  It  should  be  noted  that  the 
change  in  composition  from  beta-SiC  to  SiC/Si  resulting  from  changes  in  reactant  composition  and 
pressure  is  in  general  agreement  with  recent  findings  on  the  MTS-Hj-SiC  system  (3). 


DISCUSSION 

Case  II  conditions  resulted  in  regions  of  high  density  consisting  of  a  SiC/Si  mixture  while 
under  Case  I  conditions  substrates  were  effectively  extinguished  after  one  hour  of  SiC  deposition. 
Pure  beta-SiC  coatings  of  more  than  a  few  microns  could  not  be  achieved  with  either  set  of  CVI 
conditions.  These  observations  suggest  the  coating  may  adversely  affect  absorption  of  microwave 
energy.  For  example,  if  the  conductivity  of  the  semiconducting  beta-SiC  coating  is  greater  than  that 
of  the  Nicalon  cloth,  then  an  increase  in  reflected  energy  from  the  coated  surface  is  anticipated. 
Reported  room  temperature  conductivities  for  beta-SiC  range  from  1 02  to  102  (ohms-cm)-1  [4], 
with  a  band  gap  of  approximately  2.0  eV.  Given  these  values,  one  would  expect  beta  SiC  to  be  a 
good  conductor  at  elevated  temperatures.  Manufacturers  report  the  conductivity  of  Nicalon  cloth  as 
10-3  (ohms-cm) 1  and  do  not  expect  it  to  vary  significantly  with  temperature.  Considering  the 
difference  in  properties  between  the  fiber  and  and  the  coating,  a  drop  in  temperature  is  reasonable. 
It  is  interesting  to  note  that  with  Case  I  conditions,  the  initial  heating  occurs  in  the  preform  center 
for  several  minutes,  a  time  sufficient  to  deposit  on  the  order  of  a  micron  of  SiC.  With  subsequent 
heating,  the  hot  zone  spreads  radially  and  visually  dulls.  This  condition  persists  for  an  additional 
15  minutes  and  again  the  hot  region  dulls  and  heating  is  observed  only  at  the  outer  edges  of  the 
preform.  It  would  appear  that  each  time  a  critical  coating  thickness  is  reached,  a  new  set  of  modes 
is  established  and  therefore  a  different  heating  pattern  occurs.  Eventually  no  glow  is  observed  and 
deposition  ceases.  For  Case  II  however,  deposition  of  both  SiC  and  Si  occurred  with  no  apparent 
decrease  in  temperature.  For  these  conditions,  namely,  a  temperature  of  approximately  1000°C, 
high  pressure,  and  low  residence  time,  a  reduction  in  temperature  could  result  in  the  preferential 
deposition  of  Si  over  SiC.  The  room  temperature  conductivity  for  silicon  is  on  the  order  of  10-5 
(ohms-cm)1,  while  at  1000°C  it  is  approximately  100  (ohms  cm)1.  Presumably,  the  conductivity 
is  low  enough  to  maintain  heating  at  a  slightly  reduced  temperature.  Figure  5  shows  an  interfacial 


FIGURE  5.  End-on  view  of  fiber  bundle  for  Case  II.  Note  region  surrounding  fibers. 


250 


layer  on  the  order  of  a  micron  thick  between  the  Nicalon  fiber  and  the  Si  rich  matrix.  This  is 
consistent  with  the  idea  that  beta-SiC  is  initially  deposited  resulting  in  a  subsequent  decrease  in 
temperature  favoring  the  deposition  of  Si. 

Initial  results  suggest  the  infiltration  of  beta-SiC  with  our  present  limitations  on  power  will 
be  difficult.  It  also  points  out  the  need  for  careful  control  of  the  matrix  properties  during  CVI.  For 
semiconductors,  values  of  the  conductivity  in  the  extrinsic  range  can  vary  dramatically,  covering 
many  orders  of  magnitude  for  small  variations  in  impurity  concentration.  Fortunately  the  CVD 
technique  is  well  suited  for  control  of  these  factors.  The  possibilities  of  co-deposition  or  doping  of 
suitable  phases  to  alter  the  conductivity  and  dielectric  properties  of  the  matrix  material  needs  to  be 
explored.  This  of  course  is  only  possible  to  the  extent  that  it  does  not  degrade  the  required 
mechanical  properties  of  the  composite.  The  effect  of  interfacial  layers,  such  as  carbon  or  boron 
nitride  which  are  used  to  enhance  the  composite  toughness,  on  subsequent  microwave  heating  of 
the  fibers  also  needs  to  be  explored. 

For  future  experiments,  consideration  should  be  given  to  both  single  and  multimode 
microwave  cavities.  Multimode  cavities  are  inexpensive  and  easy  to  operate.  Given  a  uniform 
electric  field  and  control  of  substrate  cooling,  multi-mode  cavities  should  be  capable  of  promoting 
inverted  gradients  in  complex  shaped  substrates.  In  contrast,  a  single  mode  cavity  involves  regions 
of  high  field  concentration  and  localized  hot-spots.  The  single  mode  cavity  is  usually  more  energy 
efficient  and  can  localize  heating.  However,  using  a  single  mode  cavity  during  densification  of 
complex  shaped  substrates  by  CVI  will  likely  require  continuous  and  non-trivial  tuning  schedules 
and  power  modulation  schemes.  Of  primary  concern  should  be  the  ability  to  manipulate  and  control 
the  thermal  gradients,  which  in  turn  govern  the  densification  process.  For  example,  if  the  localized 
heating  shown  in  Figure  3(a)  is  such  that  the  hot  region  is  essentially  isothermal  with  a  steep 
thermal  gradient  at  the  outer  edge  then  problems  typically  associated  with  convention  CVI,  such  as 
pore  blockage  in  the  outer  region,  are  possible  under  certain  conditions.  Flexibility  can  be 
maximized  through  use  of  in-situ  diagnostics,  variable  input  power,  and  cavity  tuning. 

Microwave  radiation,  in  combination  with  sufficiently  reduced  pressures,  will  result  in  a 
glow  discharge  due  to  electrical  breakdown  in  the  vapor.  Low  operating  pressures  may  be  either 
intentionally  set  or  be  encountered  during  specific  phases  of  a  cyclical  pulsed-pressure  CVI  process 
(5|.  The  presence  of  a  discharge  could  have  beneficial  effects  on  CVI.  For  example,  in  systems 
where  vapor  phase  reactions  are  involved,  chemical  kinetics  may  be  substantially  enhanced  and 
new  reaction  pathways  may  become  available.  However,  since  it  is  not  clear  that  a  glow  discharge 
can  be  maintained  within  porous  preforms,  plasma  assisted  CVI  may  involve  only  the  infiltration 
of  neutral  species  formed  in  the  discharge.  Furthermore,  the  power  consumption  involved  in 
maintaining  the  discharge  can  be  appreciable  and  thus  limit  the  ability  to  heat  the  substrate  as 
desired.  Possible  damage  to  both  fiber  integrity  and  fiber-matrix  interfaces  from  ion  bombardment 
must  also  be  considered.  CVI  in  the  presence  of  glow  discharges  will  be  explored  in  a  future  work. 

In  summary,  microwave-induced  inverted  thermal  gradients  and  the  possibility  of  inside- 
out  densification  by  CVI  have  been  demonstrated.  Several  issues  central  to  further  process 
development  have  been  identified.  This  includes  control  over  microwave  power  input,  flow  rates, 
and  cavity  tuning.  In  addition,  it  appears  that  control  over  the  matrix  composition  may  prove 
necessary  in  order  to  maintain  a  suitable  level  of  microwave  heating,  or  conversely,  to  avoid  a 
thermal  runaway. 
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ABSTRACT 

Structural  fibers  are  currently  being  considered  as  reinforcements  for  intermetallic 
and  ceramic  materials.  Some  of  these  fibers,  however,  are  easily  degraded  in  a  high 
temperature  oxidative  environment.  Therefore,  coatings  are  needed  to  protect  the  fibers 
from  environmental  attack. 

Silicon  carbide  (SiC)  was  chemically  vapor  deposited  (CVD)  on  Textron's  SCS6 
fibers.  Fiber  temperatures  ranging  from  1350  to  1500  °C  were  studied.  Silane  (SiH„)  and 
propane  (C,Ha)  were  used  for  the  source  gases  and  different  concentrations  of  these 
source  gases  were  studied.  Deposition  rates  were  determined  for  each  group  of  fibers 
at  different  temperatures.  Less  variation  in  deposition  rates  were  observed  for  the  dilute 
source  gas  experiments  than  the  concentrated  source  gas  experiments.  A  careful 
analysis  was  performed  on  the  stoichiometry  of  the  CVD  SiC-coating  using  electron 
microprobe.  Microstructures  for  the  different  conditions  were  compared.  At  1350  C,  the 
microstructures  were  similar;however,  at  higher  temperatures,  the  microstructure  for  the 
more  concentrated  source  gas  group  were  porous  and  columnar  in  comparison  to  the 
cross  sections  taken  from  the  same  area  for  the  dilute  source  gas  group. 


INTRODUCTION 

Ceramic  fibers  are  of  interest  as  reinforcing  materials  for  advanced  ceramic  and 
intermetallic  matrix  composites  for  aerospace  applications.  For  many  of  these 
commercially  existing  fibers,  additional  coatings  will  be  needed  to  protect  the  fibers  from 
oxidation.  These  coatings  will  also  serve  to  enhance  the  fiber/matrix  interfacial  properties. 

Silicon  carbide  coating  has  been  considered  to  protect  the  outer  carbon-rich 
coatings  of  Textron  Specialty  Materials’  SCS6  silicon  carbide  fiber  and  can  be  synthesized 
by  chemical  vapor  deposition  (CVD)  techniques.  A  number  of  different  precursors, 
conditions  and  reactors  have  been  discussed  in  the  literature  [1-3].  In  this  work,  the  * 
deposition  rates,  stoichiometry  and  microstructure  of  the  CVD  SiC  on  SCS6  was 
examined. 


EXPERIMENTAL 

For  the  deposition  experiment,  a  vertical  batch  fiber  reactor  was  used  to  coat  30 
cm  long  fibers  [4],  Deposition  temperatures  ranged  from  1350  to  1500  °C,  and  SiH,  and 
C,H„  were  used  as  the  source  gases  with  H2  as  the  carrier  gas.  A  1:9  S  .C  atom  ratio 
of  source  gases  was  held  constant  for  all  deposition  experiments.  Two  distinct  sets  of 
experiments  were  conducted,  based  on  different  source  gas  concentrations  Group  A 
experiments  were  performed  using  3  mole%  SiH„  and  9  mole%  C,HS.  Group  B 
experiments  were  conducted  using  0.3  mole%  SiH4  and  0.9  mole%  C,H„.  The 
temperature  of  the  fibers  during  the  CVD  process  was  monitored  at  the  center  (1 5  cm) 
of  the  fiber  with  a  two-colored  optical  pyrometer. 
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RESULTS  AND  DISCUSSION 

The  CVD  SiC  coating  thickness  on  the  fibers  was  measured  using  a  split  image 
microscope.  SEM  micrographs  of  polished  cross  sections  were  also  used  from  several 
locations  along  each  fiber  to  confirm  the  optical  microscope  readings.  Figures  1  and  2 
show  the  deposition  rate  variation  along  the  fibers  for  different  temperatures  for  each 
group.  The  error  bars  indicate  the  standard  deviation  in  deposition  rate  measurements. 
A  large  variation  in  SiC  thickness  and,  hence,  deposition  rate  was  evident  for  the  Group 
A  fibers.  For  the  dilute  source  gas  case  for  Group  B  fibers,  less  variation  was  seen.  It 
is  possible  that  the  Si  atoms  are  able  to  migrate  over  a  longer  range  on  the  surface  of  the 
fiber  for  dilute  flows  before  becoming  incorporated  in  the  surface  as  SiC.  This  would  give 
a  more  uniform  profile  along  the  fiber. 

It  is  difficult  to  conclude  what  are  the  dominant  mechanisms  for  this  particular  SiC 
CVD  process.  The  flat  profile  for  Group  B  fibers  may  be  evidence  of  diffusion  controlled 
process.  The  large  rates  at  the  beginning  of  the  skewed  profile  for  the  Group  A  fibers 
may  be  explained  by  a  thermally  controlled  chemical  kinetic  process  and,  then,  farther 
along  the  fiber,  the  process  seems  to  have  become  more  diffusion  and  depletion 
controlled.  However,  for  both  groups,  there  are  a  number  of  different  decomposition 
reactions  occurring  during  the  CVD  process  and,  what  species  are  available  and  at  what 
concentration  is  not  known.  The  uncertainties  in  the  fiber  temperature  measurement  will 
also  contribute  to  the  observed  scatter  in  the  deposition  rate  data  [4], 

Electron  microprobe  analysis  was  used  to  determine  the  stoichiometry  of  the  SiC 
coating.  CVD  single  crystal  beta-SiC  was  used  as  a  standard.  The  fiber  samples  analyzed 
were  taken  from  the  center  position  of  the  fibers  where  the  temperature  was  monitored. 
Figures  3  and  4  show  the  variation  in  stoichiometry  for  the  different  temperatures  for  each 
group.  For  Group  A  fibers,  the  SiC  deposited  at  1350  °C  was  only  3  microns  thick  and 
resulted  in  an  unreliable  chemical  analysis.  The  measurement  error  for  the  electron 
microprobe  analysis  is  -10%.  From  Figures  3  and  4,  all  of  the  fiber  coatings  fall  within 
the  electron  microprobe  error.  For  this  reason,  all  of  the  SiC  coatings  can  be  considered 
close  to  stoichiometric. 

Several  places  along  the  fibers  from  each  of  the  groups  were  also  analyzed.  At 
1400  "C,  the  Si-rich  SiC  coating  became  more  stoichiometric  from  the  17  cm  position  to 
the  end  of  the  fiber  (30  cm),  and  by  1500  °C,  the  CVD  SiC  coating  became  stoichiometric 
as  early  as  the  7  cm  position  (close  to  the  gas  inlet).  A  similar  trend  was  observed  for 
the  Group  B  fibers  also.  One  can  explain  this  by  by  the  fact  that  C3H„,  which  is  harder 
to  crack  than  silane,  starts  to  dissociate  faster  at  higher  temperatures  into  more  reactive 
species,  such  as  CH3,  C,H5,  C2H,  and  C;H„  and  becomes  competitive  with  Si-containing 
species  for  the  formation  of  SiC  [3]. 

SEM  micrographs  (backscatter  and  secondary  electron)  revealed  that  the 
microstructures  of  the  higher  temperature  CVD  SiC  for  Group  A  fibers  was  columnar  and 
less  dense  than  that  of  the  higher  temperature  cases  for  Group  B  fibers.  Figure  5  shows 
the  1450  °C  cases  for  each  group  (the  cross  sections  are  taken  from  the  center  position 
of  the  fibers).  This  type  of  growth  can  be  attributed  to  the  fact  that  the  Group  B  fibers 
have  a  much  slower  deposition  rate  than  the  Group  A  fibers.  Similar  morphologies  with 
other  precursors  have  been  reported  for  these  temperatures  [1,3).  Close  to  the  gas  inlet 
position,  both  fiber  groups  exhibited  a  very  porous  and  columnar  structures  for 
temperatures  between  1400  and  1500  °C. 

Figure  6  compares  the  microstructures  for  the  1350  °C  cases.  Here,  the 
microstructures  appear  similar.  It  seems  that  temperature,  rather  than  deposition  rates, 
is  the  critical  variable  in  determining  the  microstructure  evolving  at  135QCC. 
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Figure  1.  Deposition  rate  vs.  position  on  fiber  for  various  temperatures  for  Group  A. 
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Figure  2.  Deposition  rate  vs.  position  on  fiber  for  various  temperatures  for  Group  B. 
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Figure  3.  Electron  microprobe  analysis  of  CVD  SiC  for  Group  A. 


Figure  4.  Electron  micrcprobe  analysis  of  CVD  SiC  for  Group  B. 
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Figure  5.  SiC  coatings  on  SCS6  deposited  at  1450  C  (a)  Group  A  and  (b)  Group  B 
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Figure  6.  SiC  coatinrs  on  SCS6  deposited  at  1350X  (a)  Group  A  and  (b)  Group  B 
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SUMMARY 

Silicon  carbide  was  deposited  on  Textron's  3CS6  fiber  using  SiH„  and  C,H„ 
precursors.  The  leposition  rates  for  temperatures  ranging  from  1350  to  1500  C  and 
different  source  gr  s  concentrations  were  determined.  Electron  microprobe  analysis  was 
used  to  determine  the  stoichiometry  along  the  fibers.  The  CVD  SiC  coatings  were  dose 
to  stoichiometric  for  all  of  the  temperatures  and  source  gas  concentrations  studied.  Also, 
at  higher  deposition  temperatures,  the  SiC  coatings  were  more  stoichiometr  'ong 
longer  lengths  of  the  fiber.  The  microstructure  of  the  SiC  coatings  were  compared.  At 
135CTC,  the  microstructures  were  similar;  however,  at  higher  temperatures,  the 
microstructure  for  the  more  concentrated  source  gas  group  were  porous  and  columnar 
in  comparison  to  cross  sections  taken  from  the  same  area  for  the  dilute  source  gas 
group. 
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ABSTRACT 

The  TiB2,  TiC  and  TiN  coatings  were  studied  as  potential  protective  coatings 
for  SiC  fibre  reinforced  titanium  alloys.  These  coatings  were  deposited  by  a  CVD 
technique  on  resistively  heated  SiC  monofilament  fibres  at  reduced  pressure  in  a 
cold  wall  reactor.  The  deposition  conditions  that  are  required  to  coat  each  of  these 
materials  were  determined.  The  morphology,  microstructure,  phase  composition 
and  nature  of  the  coatings  were  examined.  The  comparison  and  evaluation  of 
the  effectiveness  and  potential  of  these  as  protective  coatings  were  carried  out  by 
incorporating  the  coated  fibre  into  Ti-6A1-4V  using  the  diffusion  bonding 
method  at  1100°C  under  10  MPa  for  1  hour. 


INTRODUCTION 

The  development  of  Ti-based  composites  is  hindered  largely  due  to  the 
interfacial  reaction  between  SiC  and  Ti  matrices  at  elevated  temperatures  which 
leads  to  the  formation  of  a  brittle  reaction  zone  consisting  of  titanium  carbides 
and  titanium  silicides,  which  weakens  the  mechanical  properties  of  the 
composites  [1,2].  This  has  prompted  research  into  the  development  of  chemically 
inert  protective  coatings  onto  SiC  fibres  to  inhibit  the  fibre/matrix  interaction. 
The  prospective  coatings  of  interest  in  this  study  are  TiB2,  TiC  and  TiN.  These 
coatings  are  all  chemically  inert. 


EXPERIMENTAL 

The  SiC  fibres  used  in  this  study  were  BP  Sigma  SiC  monofilaments  (-100  pm 
diameter  with  tungsten  core).  The  schematic  diagram  and  genera!  operation  of 
the  CVD  apparatus  used  for  the  deposition  has  been  described  elsewhere  [3].  A 
SiC  monofilament  was  drawn  into  a  cold  wall  reactor.  Subsequently  it  was 
heated  to  the  deposition  temperature.  Then  a  gaseous  mixture  of  the  reactants 
was  fed  into  the  reactor,  these  underwent  reactions  and  deposited  the  coatings 
onto  the  SiC  substrate.  The  reactants  and  deposition  reaction  used  for  the 
deposition  of  TiB2,  TiC  and  TiN,  were  as  follows  : 

TiCl4(g)  +  2BClj(g)  +  5H2(g)  ►  TiB2(s)  +  lOHCl(g) 

TiCl4(g)  +  CH4(gj  — TiC  (s)  +  4HC1  (g) 

2TiCl4(g  j  +  N2(g)  +  4H2(g) ►2TiN  (s)  +  8HC1  (g) 

The  coating  process  variables  chosen  were  substrate  temperature,  deposition 
pressure  and  input  gas  ratio.  The  experimental  parameters  were  systematically 
varied  to  investigate  the  effect  of  these  parameters  on  the  surface  morphology. 
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deposition  rates  and  microstructures  of  the  coatings.  Table  I  summarizes  the 
chemical  vapour  deposition  conditions  for  different  types  of  coatings  The  coated 
fibres  were  characterized  by  optical  microscope,  SEM,  TEM,  X-ray  diffraction  and 
chemical  analysis. 


Table  1.  The  chemical  vapour  deposition  conditions  for  different  types  of  coatings 


Coating 

Temperature 

(°C) 

Pressure 

kPa 

Flow  ratefem^min1) 

TiCLt  BCI3  CEL*  N2  H2 

TiB2 

1050-1450 

6-23 

24-216 

72-192 

- 

- 

300 

TiC 

1000-1350 

8-25 

30-60 

- 

30-180 

- 

0-450 

TiN 

950-1050 

10-25 

30-60 

' 

200-400 

200-600 

The  efficiency  of  the  depositions  as  protective  coatings  to  inhibit  the  fibre- 
matrix  interfacial  reaction  were  evaluated  by  incorporating  these  coated  SiC  fibres 
between  two  sheets  of  Ti-6A1-4V  foils  and  diffusion  bonding  under  10  MPa  at 
1100°C  for  1  hour.  Thicker  coatings  -6pm  were  used  in  this  evaluation.  The 
bonded  specimens  were  sectioned,  mounted  and  polished,  and  then  were 
examined  using  SEM,  and  EPMA  to  investigate  the  composition  of  the  fibre- 
coating-matrix  interface. 

RESULTS  AND  DISCUSSION 

TiEb  Coating 

Dense  and  adherent  T1B2  coatings  can  be  deposited  under  the  above 
conditions.  A  detailed  study  of  TiB2  coatings  has  been  published  elsewhere  [3]  and 
a  summary  of  our  findings  is  presented  here  The  typical  cross  section  of  the 
coated  fibre  is  shown  in  Fig.l.  No  crack  or  spalling  of  the  coatings  was  observed 
The  fibre  fracture  surface  ,  Fig.  2  revealed  that  the  adherence  of  the  TiB2  coating 
was  good  so  that  even  when  the  fibre  was  deliberately  fractured,  the  SiC  substrate 
was  delaminated  together  with  the  TiB2  coating,  and  the  original  surface  of  the 
SiC  fibre  which  consists  of  uniform  columnar  grains  was  destroyed.  X-ray 
diffraction  analysis  showed  that  the  dominant  phase  that  deposited  in  this  range 
of  deposition  conditions  was  TiB2-  The  other  thermodynamically  possible  phases 
such  as  B  or  TiB,  were  not  detected  by  the  X-ray  analysis.  The  EPMA  showed  a 
constant  titanium  to  boron  ratio  across  the  coating  thickness  for  ihe  TiB2  coatings 
deposited  at  BClj  :  T1CI4  =  1:1-  3:1.  The  TEM  micrograph  showed  that  there 


Fig.  1  The  typical  cross  section  of  the  Fig.2  The  fractured  surface  of  the 

TiB2  coated  SiC  fibre.  TiB2  Coated  SiC  fibre. 
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Fig.3  TEM  micrograph  of  the  TiBj/SiC  Fig.  4  SEM  of  the  TiB2  deposited  at 
microstructure.  1100()C,  15kPa  and  TiCU  :  BCU=1 :3. 

was  no  interfacial  reaction  between  the  TiB2  coating  and  SiC  substrates  (Fig.3). 
The  surface  morphology  of  the  coatings  was  very  sensitive  to  the  deposition 
temperature.  At  low  temperatures,  fine-grained  polycrystals  were  deposited, 
however,  at  high  temperatures  larger  faceted  grains  were  obtained.  The 
deposition  rate  increases  with  the  increase  of  temperature.  The  transition  from 
chemical  kinetic  limiting  to  mass  transport  limiting  for  TiB2  deposition  occurs  at 
~1350°C.  The  chemical  kinetic  limiting  mechanism  has  an  activation  energy  of 
144  kj/mol.  The  deposition  rate  also  increases  as  the  pressure  increases.  As  the 
TiCU  :  BCI3  input  gas  ratio  increases,  the  nucleation  rate  increases,  however  the 
growth  rate  is  slow,  resulting  in  a  low  deposition  rate.  This  is  due  to  the  fact  that 
in  the  reactor,  the  local  equilibrium  of  TiCU  and  its  subchlorides  and  HC1  may 
easily  establish  in  a  homogeneous  gas  reaction  as  follows  (4)  : 

TiCU  + 1/2  H2 - ►TiCU  +  HC1 

TiCU  +  H2  - ►TiCU  +  2HC1 

TiCU  +  3/2H2  - ►  TiCl  +  3HCI 

The  HC1  has  been  reported  as  having  retarding  effects  in  the  TiN  and  TiC 
system  [4,5].  Therefore,  it  is  expected  that  this  HC1  also  exhibits  the  same  retarding 
effects  in  the  deposition  of  TiB2  which  reduces  the  growth  rate  and  hence  the 
deposition  rate.  In  the  range  of  study,  T1B2  coatings  consisting  of  smooth  surfaces 
can  be  obtained  at  lower  temperatures  (eg.  1100°C)  and  higher  pressures  (15  kPa) 
and  TiCU  :  BCU=  1  :  3  (Fig.  4). 

TiC  Coating 

The  deposited  coatings  were  identified  by  X-ray  diffraction  analysis  to  be 
TiC.  Other  phases  such  as  Ti,  TUC  and  TiC2  were  not  detected.  The  temperature 
has  a  strong  effect  on  the  morphology  of  the  deposited  TiC  coatings.  Fig. 5  shows 
that  fine  grains  were  deposited  at  lower  temperatures,  and  coarser  and  larger 
faceted  crystals  at  higher  temperatures.  For  the  coating  deposited  at  1200°C  or 
higher,  small  grains  were  observed  near  the  substrate  with  a  transition  to  a 
columnar  structure  with  the  increase  of  grain  size  (Fig.  6).  However,  a  similar 
observation  was  not  apparent  in  thin  coatings  that  were  deposited  at  1150°C  or 
lower.  Cracks  were  easily  observed  in  TiC  coatings  that  were  deposited  at  high 
temperature,  above  1 200 °C  (Fig  5c).  Similar  cracks  were  not  detected  in  coating 
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Fig.  5  Scanning  electron  micrograph  o ( 
the  surface  morphology  of  the  surface 
morphology  of  the  TiC  coatings 
deposited  at  pressure  15  kPa,  flow  rates 
(cm3/ min)  :  CH4,  75;  TiCl4,  30,  hi2,  300 
and  deposition  temperatures  at 
(a)  1000°C  (b)  1150°C  (c)  1250°C. 


Fig.  6  Typical  fracture  surface  of  the 
TiC  coating  deposited  above  1200°C, 
which  revealed  the  transition  from 
small  grains  near  the  substrate  to  a 
columnar  structure. 


deposited  at  1150°C  or  lower.  From  SEM  micrographs,  it  can  be  concluded  that 
the  cracking  mode  of  the  coating  is  intragranular.  This  may  be  due  to  the  large 
difference  in  the  thermal  expansion  co-efficient  between  TiC  and  SiC,  resulting 
in  the  coating  cracking  readily  under  thermal  shock  during  cooling.  In  general 
the  adherence  of  TiC  coatings  on  SiC  monofilament  fibres  is  poorer  compared  to 
TiB2  coatings.  This  is  evident  from  the  inability  of  TiC  to  withstand  external  force 
which  causes  delamination  and  fracture  of  the  coatings.  This  effect  is  more 
pronounced  in  the  coatings  deposited  at  high  temperatures.  This  is  clearly  seen 
in  Fig.  7a  which  shows  the  fractured  end  of  the  TiC  coating  deposited  at  1300°C 
More  cracks  were  generated  and  migrated  along  the  fracture  end,  and  the 
coatings  at  the  fracture  end  spalled  (chipped)  off  severely.  However,  coatings  that 
were  deposited  at  lower  temperatures  were  more  resistant  to  external  force.  Fig. 
7b  shows  the  fracture  end  of  the  TiC  coated  fibres  deposited  at  1000°C  The  lower 
the  deposition  temperature,  the  fewer  cracks  were  generated  and  the  coatings 
were  not  so  easily  spalled  off.  From  the  Arrehenius  plot,  it  was  obvious  that 
more  than  one  mechanism  operated.  The  transition  from  chemical  kinetics 
limiting  to  mass  transport  limiting  is  at  -1250°C.  The  activation  energy  for  the 
chemical  kinetics  limited  mechanism  was  found  to  be  -178  kj/mol,  which  is  very 
different  from  the  reported  activation  energy  of  pyroltic  graphite  deposition 
from  methane  which  is  431kJ/mol  (103  keal/mol)  [6].  Therefore  within  the 
surface-reaction  kinetics  controlled  region,  it  is  more  likely  that  the  adsorption 
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Fig.  7  SEM  of  the  fracture  end  of  the  TiC  deposited  at  (a)  1300°C  (b)  1000°C. 

and  desorption  of  the  reactant  and  the  product  gases  rather  than  the  dissociation 
of  the  carbon  from  the  hyrocarbon  molecules  is  the  rate-controlling  step.  As  the 
concentration  of  methane  increases,  finer  grains  were  deposited. 

However  the  TiC  coatings  had  an  excess  of  carbon.  An  equal  input  ratio  of 
methane  to  TiClj  produced  larger  crystals  but  with  a  more  stoichiometric  TiC 
coating.  An  increase  in  the  CH4  concentration  also  increases  the  deposition  rate, 
however  the  deposition  rate  decreases  as  the  TiCU  concentration  increases.  This 
may  be  the  same  as  the  effect  of  T1CI4  on  the  deposition  of  TiBj  that  was  discussed 
above.  As  the  pressure  increases,  finer  and  less  faceted  grains  were  deposited. 
The  effects  of  pressure  on  TiC  deposition  seems  to  be  similar  to  that  of  the  TiB2, 
therefore  can  be  explained  by  the  same  mechanism  as  discussed  earlier  in  [3].  The 
increase  in  pressure  also  caused  the  deposition  rate  to  increase. 


TiN  Coating 


Fig.  8  Scanning  electron  micrograph  of 
a  typical  TiN  coated  SiC  fibre  which 
revealed  severe  cracking  and  spalling 
of  the  coating. 


The  typical  TiN  coating  on  SiC  monofilament  is  as  shown  in  Fig.  8  where 
severe  cracking  and  spalling  occurs  during  handling.  Variation  in  the  deposition 
condition  and  thickness  of  the  coating  have  no  effect  on  the  improvement  of  the 
adherence  of  the  coating.  This  may  be  due  to  the  large  thermal  expansion 
coefficient  between  the  coating  and  SiC.  Therefore  it  is  expected  that  TiN  would 
not  provide  effective  protection  for  SiC  fibres  in  Ti  matrix.  As  a  result,  the 
reinforcement  of  TiN  coated  SiC  was  not  carried  out. 
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Evaluation  of  the  effectiveness  as  protective  Coating 

TiB2  coating  is  stable  with  the  SiC  fibre  and  has  effectively  inhibited  the 
deleterious  interfacial  reaction  between  SiC  and  Ti-alloy  matrix  [7).  However,  if 
the  TiB2  was  deposited  under  high  BCI3  :  TiCU  condition,  the  codeposition  of  B 
occurs  that  leads  to  the  formation  of  needle  like  TiB  adjacent  to  TiB2  coating  in 
the  Ti-alloy  matrix. 

TiC  coating  was  found  to  react  with  SiC  fibres  under  the  diffusion  bonding 
conditions  used  [8].  Si  from  the  SiC  fibres  diffuses  into  TiC  coating  and  possibly 
forms  a  Ti-SrC  and/or  titanium  silicide  compounds,  this  requires  further 
analysis  of  its  composition.  However,  no  significant  reaction  between  the  TiC 
and  the  Ti-alloy  was  observed.  Konitzer  et  al  [9]  have  reported  a  very  limited 
interaction  between  the  TiC  particulate  and  the  Ti-6A1-4V  matrix  even  after  heat 
treatment  of  50  hours  at  1050°C.  Although  TiC  coating  cannot  completely 
eliminate  the  deleterious  interfacial  reactions,  it  helps  to  retard  the  6  pm 
reaction  layer  that  forms  when  uncoated  SiC  fibre  reinforced  with  Ti-6A1-4V  is 
subjected  to  the  same  composite  fabrication  condition. 


CONCLUSIONS 

A  dense  and  uniform  T1B2  coating  can  be  deposited  successfully  on  SiC  fibres 
by  the  CVD  technique.  The  presence  of  this  coating  has  effectively  inhibited  the 
SiC  fibre/Ti-6Al-4V  interfacial  reaction.  The  adherence  of  TiC  on  SiC  fibres  is 
weaker  compared  with  TiB2  coating.  The  TiC  coating  was  found  to  react  with  SiC 
fibres.  However,  there  was  no  apparent  interfacial  reaction  between  TiC  and  Ti- 
alloy  matrix.  TiN  cannot  be  coated  successfully  onto  the  SiC  monofilament.  It 
may  be  necessary  for  the  presence  of  another  thin  intermediate  layer,  to  improve 
the  adherence  of  TiN  coatings  on  the  fibre  Among  these  coatings,  obviously, 
TiB2  is  the  most  promising  protective  coating  for  SiC  fibres. 
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ABSTRACT 

In  many  composite  systems  it  has  become  apparent  that 
coatings  on  the  reinforcements  are  necessary  to  achieve  high 
toughness  materials.  In  order  to  examine  materials  which  may  be 
used  as  coatings  on  ceramic  monofilaments  and  remain  stable  in 
high  temperature,  oxidizing  environments,  the  deposition  of  a 
number  of  refractory  metals  has  been  attempted.  The  results  of 
coating  experiments  using  silicon  carbide  fibers  as  substrates  as 
well  as  general  observations  concerning  the  prospects  of 
continuously  coating  long  lengths  of  fibers  will  be  discussed. 
The  materials  studied  include  carbon,  cobalt,  zirconium, 
molybdenum,  tantalum,  tungsten,  and  iridium.  Carbon  has  been 
deposited  from  methane  and  propylene  onto  both  SiC  and  sapphire 
fibers.  Deposition  of  the  metals  has  been  achieved  by  direct 
chlorination  of  the  metals  followed  by  hydrogen  reduction  at  the 
fiber.  Iridium(III) 2 , 4-pentanedionate  has  been  used  to  deposit 
iridium  metal.  All  metals  were  deposited  at  low  pressure  in  a  hot 
wall  reactor  with  fibers  continuously  spooled  through  the  reactor. 


INTRODUCTION 

Ceramic  materials  have  found  uses  in  many  high  temperature 
structural  applications.  However,  due  to  the  inherent  brittleness 
of  most  ceramic  materials  the  interest  in  monolithic  ceramics  is 
being  replaced  by  composites  incorporating  fibers  or  filaments  as 
reinforcements  in  ceramic  roatricesflj.  In  recent  years  it  has 
become  evident  that  weak  interfacial  strengths  are  a  necessary 
condition  to  obtain  a  tough  ceramic  composite  material [2 , 3 ] .  To 
date,  the  materials  found  to  best  generate  such  weak  interfaces 
are  carbon  and  boron  nitride,  usually  applied  as  a  coating  to  the 
reinforcement  fibers[3-5).  Both  carbon  and  boron  nitride  are 
easily  oxidized  at  fairly  low  temperature.  Therefore,  it  is 
desirable  to  find  other  materials  or  compounds  which  are  stable  in 
oxidizing  environments  to  above  1000°C,  easily  applied  to  fibers 
or  filaments,  and  lead  to  a  sufficiently  weak  interface  for 
composite  toughening.  The  purpose  of  this  work  is  to  investigate 
these  first  two  issues  and  feed  experiments  aimed  at  defining  the 
third. 

The  systems  chosen  to  investigate  the  issues  mentioned  above 
consist  of  sic  (Textron  SCSO)  and  single  crystal  sapphire 
(Saphikon)  ceramic  monofilaments  and  glass  or  ceramic  matrices. 
In  general,  the  composites  consist  of  unidirectionally  aligned 
filaments  in  a  matrix  densified  by  hot  pressing.  To  apply 
coatings  to  the  fibers  before  consolidation  into  composites, 
chemical  vapor  deposition  (CVD)  was  chosen.  The  advantages  of  the 
CVD  method  include  the  wide  range  of  elements  and  compounds  that 
can  be  deposited,  uniform  surface  coating  that  is  not  line-of- 
sight,  and  the  high  purity  of  deposited  materials! 5) .  The  fibers 
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of  interest  are  received  and  coated  as  single,  long  filaments 
which  can  be  wound  on  spools  and  laid-up  into  tapes  for  composite 
fabrication. 


EXPERIMENTAL 

The  CVD  system,  built  specifically  for  coating  fibers[6],  is 
a  hot  wall  system  consisting  of  a  20 (ID) X25 (OD)  mm  fused  silica 
tube  in  a  18  in  (46  cm)  vertical  platinum  wire  wound  furnace.  The 
tube  is  contained  by  vacuum  fittings  between  two  boxes  which  house 
the  fiber  supply  and  take-up  spools.  Gases  are  metered  using 
electronic  mass  flow  controllers  and  may  be  introduced  in  the  tube 
either  at  the  top  or  bottom.  A  rotary  vane  vacuum  pump  in 
combination  with  a  capacitance  manometer,  solenoid  valve,  and 
feedback  controller  are  used  to  evacuate  the  system  and  to  operate 
at  reduced  pressures.  Metal  chlorides  are  generated  by  passing 
chlorine  gas  over  the  heated  metal  in  a  side  arm  of  the  fiber 
coating  muffle  tube.  Alternatively,  metal  chlorides  or 
organometallic  compounds  may  be  contained  in  this  side  arm, 
sublimed,  and  carried  into  the  muffle  tube  with  argon  or  hydrogen 
carrier  gas.  Exhaust  from  the  pump  is  passed  through  a  scrubber 
and  through  a  hydrogen  burner  before  being  exhausted.  The  entire 
apparatus,  except  for  the  electronic  controllers,  is  housed  under 
a  fume  hood  surrounded  by  a  flexible  vinyl  curtain.  The  furnace 
with  metal  chlorination  process  tube  in  place,  spool  boxes,  and 
gas  flow  equipment  and  plumbing  are  shown  assembled  in  Figure  1. 

The  fibers  are  held  and  wound  onto  8"  (20. 3cm)  plastic  spools 
contained  in  vacuum  tight  stainless  steel  boxes  with  polycarbonate 
windows.  The  fiber  is  pulled  through  the  reactor  by  rotating  the 
bottom  spool  with  a  variable  speed  DC  motor  coupled  by  a  vacuum 
tight  rotary  feedthrough.  While  turning,  the  spool  is  made  to 


Figure  1. 

Photograph  of  the  assembled 
CVD  fiber  coating  apparatus. 
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move  laterally  to  avoid  winding  the  fiber  on  itself  and  damaging 
the  coating.  The  only  tension  applied  to  the  fiber  is  by  the 
action  of  two  brushes  acting  on  the  supply  spool  to  prevent  free 
rotation  and  uncontrolled  payout  of  the  fiber. 

In  order  to  prevent  coatings  on  the  fiber  outside  of  the 
furnace  hot  zone  and  the  flux  of  corrosive  gases  into  the  spool 
boxes,  shield  tubes  cover  the  fiber  from  the  boxes  to 
approximately  5  cm  into  the  furnace.  Fused  silica  tubes  with  2-5 
mm  ID  are  held  by  teflon  retaining  rings  within  the  vacuum  flange 
joint  between  the  fiber  spool  boxes  and  the  process  tube  fitting. 
Argon  gas  flows  into  the  boxes  and  out  the  shield  tubes  to  remove 
coating  gases  from  these  areas. 

Carbon  coatings  have  been  obtained  at  900-1100°C  with 
propylene  flows  of  5-20  seem  and  Ar  flows  of  95-200  seem.  Carbon 
has  also  been  obtained  at  1100-1300"C  with  1-4%  methane  in  argon 
with  total  flow  rates  of  200-600  seem.  Metallic  coatings  have 
been  obtained  by  passing  chlorine  over  heated  metal  followed  by 
subsequent  hydrogen  reduction  at  the  fiber  surface.  Typical 
cjnditions  are  5  seem  Cl2  plus  5  seem  Ar  flowing  over  the  metal 
foil  or  wire  at  350-500°C.  Typical  coating  conditions  are  20-30 
torr  (2.7-4  kPa) ,  800-900°C  with  100  seem  H2.  Iridium  coatings 
were  obtained  by  passing  10  seem  Ar  over  iridium(III) 2, 4- 
pentanedionate  held  at  240”C.  The  metal  deposited  at  800°C  and  20 
torr  (2.7kPa)  with  150  seem  H2.  In  most  cases  the  fiber  is  pulled 
at  2-4  cm/min  and  50  seem  Ar  flows  into  each  spool  box. 

Coatings  were  examined  by  SEM  after  cutting  or  breaking  the 
fiber  to  reveal  a  step  in  the  coating.  Coatings  removed  from  the 
inside  of  the  process  tube  were  analyzed  by  XPS  and  X-Ray 
diffraction.  Fibers  were  also  analyzed  before  and  after  running 
through  the  coating  system  under  identical  conditions  but  without 
the  metal,  organometall ic  compound,  or  carbon  gas  present. 


RESULTS 

Carbon  coatings  have  been  applied  to  both  Sic  and  sapphire 
fibers.  Generally  it  is  difficult  to  obtain  smooth  carbon  films 
on  either  fiber.  In  attempting  to  increase  the  deposition  rate, 
most  often  a  sooty  deposit,  probably  caused  by  homogeneous  gas 
phase  nucleation,  is  obtained.  This  is  shown  in  Figure  2  on  both 
SiC  and  sapphire  fibers.  The  sapphire  fiber  has  been  coated 
twice.  Once  with  a  thin  smooth  layer  and  subsequently  with  a 
thicker,  rougher,  less  dense  layer.  The  existence  of  the  first 
thin  coating  does  not  influence  the  morphology  of  the  second 
coating.  Figure  3  shows  smooth  coatings  on  both  types  of  fiber. 
Both  coatings  duplicate  the  surface  morphology  of  the  fiber.  In 
Figure  3b  the  coating  has  been  removed  from  the  sapphire  fiber. 
Typically,  any  dense  carbon  coating  greater  than  0.5-0.75  micron 
will  easily  spall  off  of  the  sapphire  fiber.  If  the  linear  speed 
of  the  fiber  is  too  great,  the  coating  can  be  seen  spalling  off  as 
the  coated  fiber  exits  the  reactor  and  cools. 

Metallic  coatings  have  been  obtained  by  direct  chlorination 
of  Co,  Mo,  Ta,  W,  and  Zr.  Although  these  metals  may  not  have  the 
desired  high  temperature  oxidation  resistance,  this  method  was 
chosen  to  allow  for  coating  a  variety  of  metals  with  one  simple 
piece  of  equipment  and  to  avoid  the  problems  associated  with 
storing  and  disposing  of  a  large  number  of  metal  compounds.  One 
common  problem  experienced  in  the  coating  of  Sic  fibers  is 
nucleation.  Figure  4a  shows  Mo  on  SiC.  The  wide  separation  of 


Figure  3.  SEM  micrographs  of  smooth  carbon  coatings  on  a)  SiC  and 
b)  sapphire  fibers.  In  b)  the  fiber  has  been  removed. 


the  nucleation  sites  requires  that  a  coating  be  relatively  thick 
before  it  will  be  continuous.  Figure  4b  shows  a  thicker  Mo  based 
multilayer  coating.  Analysis  of  the  coating  reveals  Mo  closest  to 
the  fiber  surface  followed  by  molybdenum  oxide.  It  is 
undetermined  whether  the  oxide  is  a  result  of  an  air  leak  into  the 
reactor  or  of  a  reaction  of  MoCl,  which  condensed  on  the  fiber  then 
oxidized  after  exposure  to  air.  Figure  5  shows  a  uniform,  thick 
coating  of  Zr  on  Sic  fiber.  Since  iridium  does  not  react  or  form 
a  stable  chloride,  the  acety lacetylate  was  used  as  a  source. 
Figure  6  shows  a  multiphase  coating  from  this  reagent  on  SiC 
fiber.  The  phases  found  are  Ir  closest  to  the  fiber  followed  by 
carbon.  While  carbon  has  been  shown  to  contaminate  Ir  deposited 
from  this  source  in  previous  work  [7],  this  two  phase  deposit  has 
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Figure  4.  Mo  coatings  on  SiC  fiber. 


Fig.  5.  Zr  on  Sic  fiber.  Fig.  6.  Ir  on  SiC  fiber. 


not  been  reported.  In  contrast  to  other  CVD  reactors,  the 
substrate  in  fiber  coating  reactors  experiences  a  wider  variety  of 
gas  phase  compositions.  It  is  proposed  that  the  organometallic 
decomposes  to  deposit  the  metal  and,  subsequently,  downstream  the 
ligand  decomposes  to  deposit  carbon. 


DISCUSSIOH 

The  results  of  this  research  point  out  two  major  concerns  for 
continuously  coating  filaments.  These  are  deposition  rate  and 
deposit  morphology.  In  addition,  these  two  phenomenon  are 
interrelated.  In  many  cases  attempting  to  increase  the  deposition 
rate  adversely  affects  the  deposit  quality.  The  deposition  on 
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polycrystalline  fibers,  such  as  the  SCSO  Sic  fiber,  appears  to  be 
partially  controlled  by  surface  nucleation.  The  density  of 
nucleation  sites  may  in  some  cases  determine  the  structure  of  the 
coating  and  also  the  minimum  thickness  coating  that  will  be 
continuous  over  the  surface  of  the  fiber.  This  is  particularly 
evident  in  the  early  stages  of  growth  of  a  Mo  film  as  shown  in 
Figure  4.  Thicker  films  of  the  other  metals  studied  generally 
tend  to  show  a  structure  that  would  develop  from  nucleation  such 
as  observed  in  Figure  4.  A  similar  structure  has  been  observed 
[8]  upon  annealing  sputtered  Pt  thin  films  on  Sic  where  an 
initially  uniform  thin  film  is  shown  to  aggregate  into  islands. 

Several  points  may  be  made  concerning  the  viability  of 
coating  continuous  filaments  by  chemical  vapor  deposition. 
Surface  chemistry  in  metal-SiC  systems;  such  as  nucleation, 
wetting,  and  surface  diffusion;  play  a  very  important  role  in 
determining  coating  morphology.  Attempting  to  increase  the 
deposition  rate  in  order  to  coat  longer  lengths  of  fiber  quicker 
may  lead  to  poor  quality  coatings  as  observed  with  carbon 
coatings.  While  longer  furnace  lengths  may  seem  attractive  to 
increase  the  overall  coating  rate,  other  problems  may  develop. 
These  include  unwanted  reactions  such  as  etching  of  the  fiber  by 
reaction  byproducts  (HC1,  HF)  and  deposition  of  second  phases 
(carbon  from  organic  ligands,  condensation  of  metal  compounds) . 
Other  important  points  concerning  continuous  production  include 
the  density  and  strength  of  metal  films,  the  adherence  of 
coatings,  and  the  difference  in  thermal  expansion  between  coating 
and  fiber. 
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4.  Iwo-Gas  Injector 

5.  Gas  Deflector 

6.  Sight  Hole  for  Optical 
Pyromet  ry 

7.  Exhaust  to  Vacuum  Pumps 
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15.  Motor  Drive  for  Reversing 
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Figure  1.  Arrangement  for  Continuous  Yarn  Coating  in  Pilot  Plant  CVD  Furnace. 

A  typical  yarn  coating  experiment  was  carried  out  as  follows.  A 
500  meter  spool  of  Nicalon  was  wound  onto  the  graphite  feed  spool  and  strung 
through  the  furnace  and  attached  to  the  collection  spool.  A  short  length  of 
yarn  was  motor  driven  through  the  furnace  to  make  sure  that  the  equipment 
wa s  wo-king  properly.  The  plexiglass  covers  were  then  installed,  the  system 
pumped  down,  and  then  induction  heated  to  the  desired  coating  temperature. 
After  running  the  yarn  for  a  few  minutes  to  obtain  a  vacuum  heat  treated 
reference  sample,  the  reactant  gases  (NHg  and  BCI3)  were  fed  through  the 
injector  to  start  the  P8N  deposition;  and  the  yarn  speed  was  adjusted  to 
obtain  the  desired  coating  th'ckness.  Usually,  near  the  end  of  the  run,  the 
gases  were  shut  off  so  that  a  second  vacuum -heat  treated  sample  could  be 
obtained  for  comparison  with  the  coated  yarn. 

The  coated  yarns  were  characteri jed  by  weight  per  unit  length,  tensile 
strength  and  modulus,  scanning  electron  microscopy  (SEM).  and  scanning  Auger 
microscopy  (SAM).  Ihe  coating  thickness  was  estimated  from  the  yarn  weight 
increase  per  unit  length  by  assuming  a  density  of  1.40  g/cc  for  P8N  grown  at 
llOO'C  and  assuming  that  all  of  the  filaments  in  the  yarn  were  coated  equally. 
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RESULTS  AND  DISCUSSION 

Examples  of  P8N  coating  conditions  and  some  properties  of  P8N  coated 
Nicalon  NL  202  yarn  are  given  in  Table  1.  Deposition  temperature  was  varied 
from  1075  -1200°C,  pressures  were  40  -80  microns  of  HG,  and  yarn  speeds  were 
13-61  cm/minute.  A  60  cm/minute  speed  corresponds  to  about  30  seconds  of 
residence  time  in  the  deposition  chamber.  Coating  9129  was  made  using 
additional  pulleys  which  allowed  three  yarn  passes  through  the  deposition 
zone,  thus  Increasing  the  residence  time  by  a  factor  of  three. 

Ta&le  I 

PON  Coating  Condi t»ons  and  Properties  of  Coated  Nicalon  Ni  20 2  tarn 


PBN  Coating  Tarn  Yarn 


Sample 

Oepos i t  »on 
Temp 
°C 

Deposition 

Pressure 

w  Hg 

NHj/eClj 

Ratio 

rarn 

Speed 

un/min 

thickness. 
Tran  Terr 

Wl.  Increase 

Mict-pos 

f  run  SA/t 

Appro x  invite 
B/N  Ratio 
in  Coating 

Jensi  le 
Strength 

MPa 

lens : 

Node,  In' 

Cl’a 

9028 

10/5 

45 

3.6 

61 

0.  15 

0, 1 

1.0 

2360 

2 10 

9110 

1080 

40 

3.1 

59 

O.T 

0.1 

nm 

2690 

210 

9129 

1080 

55 

2.9 

59* 

0.4 

0.3 

1.3-2. 4 

2430 

2  >0 

9035 

1100 

4/ 

3.3 

)3 

0.7 

0.7 

».  1-1.5 

2380 

~l’tG 

9032 

1200 

80 

3.5 

61 

0.3 

0.35 

1. 0-1.4 

1293 

~  190 

*  three  yarn  passes  through  furnace.  A JJ  others  one  pass. 

NM  -  Not  Measured 

Tensile  strength  and  modulus  of  as-received  Nicalon  NL  202  were  2430  2J?0  MPa  and  193-200  GPa,  respectively 
Tensile  strength  of  Nicalon  NL  202  healed  to  1000-1 100*C  for  one  minute  at  0.5  Torr  argon  was  -2000  MPa. 


The  average  PBN  coating  thicknesses  as  calculated  from  yarn  weight  gain 
were  in  good  agreement  with  thicknesses  determined  by  scanning  Auger 
microscopy.  Typical  SAM  composition  depth  profiles  for  a  thin  PBN  coating 
(9028)  and  a  thick  coating  (9035)  are  shown  in  Figures  2  and  3.  The  SAH 
results  showed  that  the  PBN  coatings  were  either  stoichiometric  in  boron  and 
nitrogen  or  they  were  boron-rich,  and  the  composition  was  affected  by  the 
NH3/BCI3  ratio  in  the  reactant  gases.  Results  suggest  that  a 
NH3/BCI3  ratio  of  at  least  3.5  is  needed  to  obtain  a  stoichiometric  PBN 
coating.  Significant  quantities  of  oxygen  and  carbon  were  found  in  the 
coatings.  Some  of  the  oxygen  and  carbon  may  be  diffusing  out  of  the  Nicaion 
during  the  coating  process.  Increased  oxygen  near  the  surface  of  the 
coating  may  be  due  to  reaction  of  the  PBN  with  atmospheric  moisture[5]. 

SAM  and  SEM  results  showed  that  the  P8N  coating  thickness  was  fairly 
unifrrm  along  the  length  of  the  Nicalon  yarn  and  from  filament  to  filament 
with  the  yarn  bundle  but  more  variable  around  the  circumference  of  each 
filament.  Filament-to  filament  coating -thickness  variation  was  much  greater 
in  PBN  coated  Nicalon  cloth.  For  example,  in  a  sample  of  Nicalon  cloth 
coated  at  1080“C  and  200  microns  Hg  for  four  minutes,  the  outermost  filaments 
in  the  fiber  bundle  received  a  PBN  coating  which  was  0.7  micron  thick  while 
the  innermost  filaments  were  coated  with  only  about  0.1  micron  of  PBN. 

The  strand  tensile  strength  of  the  Nicalon  yarn  which  was  PBN  coated  at 
1075-1 IQ0°C  was  within  the  range  of  values  for  the  as  received  Nicalon, 
showing  that  the  PBN  coating  conditions  caused  little  or  no  degradation  of 
the  Nicalon.  In  contrast,  the  tensile  strength  of  Nicalon  Nl  202  which  was 
heated  to  1000-1100°C  in  low  pressure  argon  was  20*  less  than  that  of  the 
as  received  Nicalon.  Coating  the  Nicalon  at  12Q0°C  reduced  the  strength  by 
about  50* 
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Figure  2.  Scanning  Auger  Composition  Depth  Profile  for  PBN  Coated 
Nicalon  NL  202  Sample  9028. 
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Figure  3.  Scanning  Auger  Composition  Depth  Profile  for  PBN  Coated 
Nicalon  Nl  202  Sample  9035. 


273 


The  Nicalon  NL  202  yarn  with  0.1  -0.2  microns  of  PBN  coaling  (such  as 
samples  9028  and  9110)  were  woven  into  plain-  and  harness -weave  cloth,  and 
the  cloth  pieces  were  sewn  into  thermal  insulation  panels  for  evaluation  at 
high  temperatures  in  an  aerodynamic  environment^] .  Although  the  PBN -coated 
Nicalon  was  easier  to  handle  than  heat-cleaned  (air  oxidized  to  remove  the 
polyvinyl  acetate  sizing)  or  vacuum-heat -treated  Nicalon,  the  PBN  coating 
was  not  entirely  satisfactory  as  a  high  temperature  sizing.  To  control 
loose  filaments  in  the  sewing  and  weaving  operations,  it  was  necessary  to 
cross-  wrap  the  Nicalon  with  30 -denier  rayon,  which  is  later  removed  by 
oxidation  after  the  panels  are  fabricated.  The  PBN -coated  Nicalon  was  not 
affected  by  air  oxidation  at  800°C,  but  substantial  degradation  occurred 
after  air  oxidation  at  1000°C. 

A  lithium  aluminosilicate  (LAS)  matrix  composite  was  made  using  the 
thickly  coated  fibers  from  Sample  9035,  and  it  yielded  a  relatively  good 
flexural  strength  of  320  NPa .  Results  with  thinner  PBN  coatings  were  poorer 
so  it  appears  that  a  coating  thickness  of  at  least  0.5  micron  is  needed  to 
prevent  matrix/coating/fiber  interactions.  A  barium  magnesium  alumino 
silicate  (BMAS)  matrix  composite  made  using  Nicalon  coated  with  0.7  micron 
of  PBN  yielded  a  flexural  strength  of  450  NPa  at  room  temperature  and 
320  MPa  at  1100oC. 

A  few  trials  were  made  in  which  carbon  yarn  was  coated  with  PBN.  In  one 
set  of  experiments,  Thornel  T40R  carbon  yarn  (3,000  filaments  of  average 
diameter  about  6.5  microns)  was  coated  with  PBN  at  1200°C.  1400°C,  and 
1680°C.  Details  of  the  coating  conditions  and  results  are  given  in  Table  II. 
The  calculated  average  coating  thicknesses,  based  on  assumed  densities  for 
the  PBN  coatings,  ranged  from  0.15  microns  for  the  1200°C  coating  to  0.25 
microns  for  the  1680°C  coating.  SEN  showed  that  the  P8N  coatings  on  the 
Thornel  T40R  were  less  uniform  than  those  on  the  500  filament  15  -micron 
diameter  Nicalon  NL  202  yarn. 


Table  II 

PBN  Coating  Conditions  of  Oxidation  Rate  of 
PBN-Coated  Carbon  Yarn  Type  Thornel  T40R 


Deposition 

Deposition 

Coating 

Oxidation  Rate 

Oxidation 

Temp. 

Pressure 

Thickness 

in  Dry  Air  at  600°C 

Inhibitor 

Sample 

°C 

u  Hg 

Microns 

0. 5%  Burn  Off  Min  ^ 

Factor 

9025 

1200 

50 

0.15 

1  .49  x  10  4 

25 

9026A 

1400 

100 

0.2 

1.34  x  10  4 

28 

902o8 

1680 

200 

0.25 

1.32  x  10  4 

28 

Oxidation 

rates  for 

bare  Thornel 

T40R  *  3.75 

x  10~3  Min'1 

Oxidation  tests  were  performed  on  the  PBN-coated  T40R  yarn  at  600°C  in 
dry  air  at  0-5%  burn  off  The  PBN  coatings  reduced  the  oxidation  rate  to 
about  4%  of  that  of  the  untreated  carbon  yarn.  The  inhibition  factor  for  the 
1200 °C  P8N  coating  is  almost  as  large  as  that  for  the  1400°C  and  1680°C 
coatings . 
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CONCLUSIONS 

Modification  of  an  existing  CVO  furnace  has  made  available  a  pilot -plant 
sized  facility  for  continuous  coating  of  ceramic  yarns  by  CVD.  Coatings  at 
very  low  pressure  are  possible  because  all  of  the  coating  apparatus,  including 
the  yarn  feeding  and  collecting  equipment,  is  under  vacuum.  With  a  single 
yarn  pass  through  the  furnace,  Nicalon  NL  2 02  yarn  can  be  coated  with 
0.1 -0.2  microns  of  BN  at  a  yarn  speed  of  60  cm/minute  so  that  a  500  meter 
spool  of  Nicalon  can  be  coated  in  about  14  hours.  Coating  capacity  was 
tripled  by  adding  pulleys  to  permit  three  yarn  passes  through  the  furnace. 
Further  capacity  Increases  can  be  obtained  by  using  three  feed  and  collection 
systems  of  the  type  shown  in  Figure  1  and  by  altering  gas  flow  patterns  and 
deposition  chamber  design  to  increase  the  deposition  rates. 

The  continuous  CVO  facility  yields  fairly  uniform  coatings  of  PBN  on 
500 -f i lament ,  15-micron  diameter  Nicalon  NL  202  yarn,  but  coatings  on 
3,000-filament,  6.5  micron  diameter  Thornel  T40R  carbon  yarn  are  less  uniform 
than  desired.  Method  for  enhancing  filament  separation  during  CVO  coating 
are  being  explored. 

PBN  coatings  0.1 -0.7  microns  thick  can  be  deposited  on  Nicalon  NL  202 
yarn  at  1 000-1 1 00°C  with  little  or  no  loss  of  strength.  Coatings 
0.1 -0.2  microns  thick  may  enhance  the  performance  of  Nicalon  in  a  high 
temperature  aerodynamic  environment,  but  coatings  0.5  micron  thick  or  more 
are  needed  for  good  performance  of  the  Nicalon  in  ceramic  composites. 

Many  different  kinds  of  CVO  coatings  can  be  applied  to  ceramic  yarns 
using  the  facility  described  here,  and  some  will  be  explored  depending  on 
interest  and  time  available.  Wide  ranges  of  deposition  temperature  and 
pressure  are  possible,  limited  by  only  thp  stability  of  the  ceramic  yarns  and 
by  the  thermodynamics  and  kinetics  of  Lne  CVD  processes. 
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ABSTRACT 

The  stability  of  BN  thin  film  coatings  (2-5  nm  thick)  on  MgO  and  Ti02  substrates 
was  investigated  using  transmission  electron  microscopy  (TEM)  The  samples  were 
heated  in  air  for  at  least  16  hours  at  temperatures  ranging  from  773  K  -  1273  K  On 
MgO  supports,  the  BN  thin  film  coating  was  lost  by  1073  K  due  to  a  solid  state  reaction 
with  the  substrate  leading  to  formation  of  MgzBzOs,  No  such  reaction  occurred  with 
the  T1O2  substrate  and  the  BN  was  stable  even  at  1273  K.  However,  the  coating 
appeared  to  ball  up  and  phase  segregate  into  islands  of  near-graphitic  BN  and  clumps 
of  Ti02  (rutile).  The  oxidizing  treatment  appears  to  promote  the  transformation  from 
turbostratic  BN  to  graphitic  BN. 

INTRODUCTION 

Boron  nitride  thin  coatings  have  attracted  a  great  deal  of  interest  for  modifying  the 
interface  in  fiber-reinforced  composites  to  improve  fiber  pullout  and  prevent  interfacial 
reaction  (1],  The  high  temperature  oxidation  stability  of  boron  nitride  may  provide 
distinct  advantages  over  graphite  despite  the  higher  cost.  However,  there  is  no 
definitive  data  in  the  literature  on  the  oxidation  resistance  of  thin  films  of  BN.  Bulk  BN 
powders  have  been  reported  to  oxidize  at  1 073  K  following  parabolic  oxidation  kinetics 
|2].  The  extent  of  oxidation  was  monitored  in  this  particular  study  by  following 
changes  in  weight  as  the  sample  was  progressively  oxidized.  Lavrenko  et  al  (3] 
reported  that  the  oxidation  resistance  of  BN  powders  was  greatly  influenced  by  sample 
pretreatment,  for  example  the  extent  of  annealing  in  Nz.  They  found  that  oxidation  of 
pyrolytic  BN  occurred  at  negligible  rates  at  1173  K.  However,  measurable  weight 
losses  were  detected  in  TGA  measurements  at  1373  K,  and  quite  rapid  oxidation 
occurred  at  1473  K  Significant  oxidation  of  the  graphitic  BN  did  not  occur  at 
temperatures  below  1223  K.  Interestingly,  they  observed  a  weight  loss  with  oxidation 
time  ior  the  pyrolytic  BN  but  an  increase  in  weight  for  graphitic  (more  ordered)  BN. 

This  they  attributed  to  differences  in  porosity  of  the  sample:  pyrolytic  powders,  being 
more  porous,  led  to  loss  of  volatile  boron  oxide,  which  was  retained  in  the  graphitic 
samples  that  had  a  denser  microstructure.  Borek  et  al.  [4]  studied  the  effect  of 
crystallinity  and  surface  area  of  BN  on  its  oxidation  resistance.  While  they  observed 
that  the  high  surface  area,  poorly  crystallized  samples  oxidized  at  rates  that  were  an 
order  of  magnitude  faster  than  the  more  crystalline  samples,  they  concluded  that  if 
oxidation  rates  were  normalized  to  surface  area,  no  effect  of  crystallinity  could  be 
detected  All  of  these  previous  studies  used  TGA  analysis  to  study  oxidation  behavior. 
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The  implicit  assumption  was  that  oxidation  of  BN  would  lead  to  a  change  in  sample 
weight  as  the  N  was  replaced  by  O  to  form  B2O3.  This  would  cause  an  increase  in 
sample  weight  until  the  volatilization  temperature  of  B2O3  was  reached,  at  which  point 
the  weight  woufd  start  declining.  This  method  is  quite  suitable  for  the  study  of  bulk 
samples,  but  is  not  very  sensitive  when  the  oxidation  behavior  of  thin  films  of  BN  is 
being  investigated.  We  have  therefore  chosen  to  use  transmission  electron 
microscopy  (TEM)  to  study  transformations  in  the  BN  as  it  is  progressively  oxidized  at 
higher  temperatures. 

EXPERIMENTAL 

The  samples  were  prepared  by  grinding  together  equal  weights  of  a  BN 
polymeric  precursor  with  the  oxide  substrates:  MgO  or  T1O2  powder.  The  oxide 
powders  we  used  had  controlled  morphology  particles  which  facilitated  detection  of 
thin  film  coatings  without  any  sample  preparation,  as  described  previously  [5].  The 
preparation  of  BN  polymeric  precursors  involves  crosslinking  of  functionalized 
borazenes  using  N-containing  molecules  such  as  trimethyldisilazane.  Further  details 
are  provided  elsewhere  [6],  The  samples  were  first  pyrolyzed  in  flowing  N2  at  1473  K 
to  allow  the  BN  to  spread  on  the  oxide  surface  and  form  a  coating  of  turbostratic  BN 
that  was  2-4  nm  thick.  The  BN-coated  samples  were  then  heated  in  air  for  at  least  16 
hours  at  temperatures  ranging  from  773  K  -  1273  K. 

RESULTS 

In  a  previous  study  [7]  we  found  that  BN  films  only  a  few  nm  thick  on  MgO 
substrates  were  stable  to  air  oxidation  overnight  at  973  K.  Fig.  1  shows  a  micrograph 
of  BN  on  MgO  smoke  particles  after  the  initial  pyrolysis  in  N2  at  1473  K.  When  this 
sample  was  heated  in  air  at  873  K  (fig.  2a)  there  was  no  change  in  the  BN  coating. 
However,  when  heated  at  1073  K  the  BN  appeared  to  react  with  the  MgO  to  form 
Mg2B205.  Fig.  2b  shows  that  the  substrate  has  now  transformed  to  Mg2B20s  (as 
identified  by  its  lattice  spacings)  and  an  amorphous  surface  layer  is  left  behind  This 
solid  state  reaction  occurred  over  the  entire  sample  and  caused  the  MgO  cubic 
particles  to  change  shape  completely,  forming  elongated  grains  of  the  magnesium 
orthoborate  phase.  However,  in  some  areas  of  this  sample  we  observed  a  few 
patches  of  the  BN  film  which  were  still  intact  after  the  oxidizing  treatment.  Therefore, 
it  was  not  clear  in  those  experiments  whether  the  loss  of  BN  was  aided  by  the 
availability  of  a  reactive  substrate.  We  have  now  compared  the  oxidation  behavior  of 
BN  on  MgO  substrates  with  that  on  Ti02  substrates.  We  found  that  the  TtOz  proved  to 
be  an  unreactive  substrate,  and  there  was  no  evidence  for  loss  of  BN  coatings  at 
temperatures  where  the  Mg2B20s  had  formed.  Fig.  3  shows  a  micrograph  of  the 
BN/Ti02  after  pyrolysis  in  N2  at  1473  K.  When  this  sample  was  subsequently  heated 
in  air  at  1273  K,  we  found  that  the  BN  coating  had  phase  segregated  into  large  grains 
of  mesographitic  BN  and  clumps  of  Ti02  (rutile).  Figs  4a  and  b  show  the  morphology 
of  the  T1O2  and  BN  respectively  after  the  1273  K  calcination  in  air.  The  grains  of  BN 
are  quite  thin  and  tend  to  lie  flat  on  the  carbon  film  support.  It  appears  that  the 
oxidizing  treatment  actually  promotes  the  crystallization  of  the  BN,  with  the  structure 
changing  from  turbostratic  to  graphitic. 
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CONCLUSIONS 

We  have  shown  that  the  loss  of  BN  thin  films  under  oxidizing  conditions  is 
dependent  very  much  on  the  substrate.  On  MgO,  the  BN  coating  is  lost  by  1073  K 
due  to  a  solid  state  reaction  with  the  substrate,  which  leads  to  formation  of  Mg2B20s. 
However,  on  VO2  substrates  there  is  no  such  reaction,  rather  the  BN  and  T1O2  tend  to 
phase  segregate  at  1273  K.  The  TEM  results  show  that  the  BN  is  able  to  survive  even 
an  overnight  calcination  at  1273  K  in  air,  and  that  the  oxidizing  treatment  tends  to  favor 
sintering  of  the  BN  into  larger  grains.  The  degree  of  ordering  of  the  turbostratic  BN 
also  improves  with  the  oxidizing  treatment  leading  to  a  structure  that  is  closer  to 
graphitic  BN.  The  work  presented  here  demonstrates  that  the  interaction  with  specific 
substrates  should  be  investigated  in  order  to  establish  stability  limits  for  BN  thin  films 
under  oxidizing  conditions.  Furthermore,  treatment  under  oxidizing  conditions  should 
be  used  if  more  ordered,  graphitic  BN  is  desired. 
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ABSTRACT 

The  use  of  cyclic  organometallic  molecules  as  single-source  MOGVD 
precursors  is  illustrated  by  means  of  examples  taken  from  our  recent  work  on 
SiC  and  AIN  deposition,  with  particular  focus  on  SiC.  Molecules  containing 
(SiC>2  and  (AlN)^  rings  as  the  "core  structure"  were  employed  as  the  source 

materials  for  these  studies.  The  organoaluminum  amide,  [Me^AlNH^]^.  wa.» 

used  as  the  AIN  source  and  has  been  studied  in  a  molecular  beam  sampling 
apparatus  in  order  to  determine  the  gas  phase  species  present  in  a  hot-wall 
CVD  reactor  environment.  In  the  case  of  SiC  CVD,  a  series  of 
disilacyclobutanes ,  [Si(XX* JCH^ ] ^  (with  X  and  X'  -  H,  CH^,  and  CH^SiH^CH^) . 

were  examined  in  a  cold-wall,  hot- stage  CVD  reactor  in  order  to  compare 
their  relative  reactivities  and  prospective  utility  as  single- source  CVD 
precursors.  The  parent  compound,  disilacyclobutane ,  was  found 

to  exhibit  the  lowest  deposition  temperature  (ca.  670  °C)  and  to  yield  the 
highest  purity  SiC  films.  This  precursor  gave  a  highly  textured, 
polycrvstalline  film  on  the  Si(100)  substrate  (70%  with  a  SiC<LU> 
orientation) . 

INTRODUCTION 

The  use  of  single  -  source  precursors  for  MOCVD  of  refractory  materials 
such  as  AIN  and  SiC  affords  potential  advantages  in  terms  of  controlling  the 
composition,  deposition  temperature  and  microstructure  of  the  deposited 
product.  The  need  to  control  these  factors  may  be  particularly  critical  in 
a  CVI  reactor  environment,  where  the  thermal/chemical  stability  of  the  fiber 
reinforcement,  or  of  the  fiber-matrix  interface,  may  set  limits  on  the 
processing  temperature  or  where  the  use  of  mixed  precursor  sources  may  lead 
to  local  variations  in  composition  and/or  microstructure  [1]. 

The  choice  of  organometallic  molecules  for  use  as  single- source 
precursors  has  been  largely  an  empirical  process,  with  few  guidelines 
available  relating  to  the  relationship  between  molecular  structure  and  such 
factors  as  decomposition  temperature,  resulting  film  composition.  and 
microstructure.  In  the  case  of  SiC  CVD,  precursors  such  as 
methyltrichlorosilane  (MTS)  and  the  methyls i lanes  have  been  employed  for 
many  years;  however,  temperatures  well  in  excess  of  1000  C  along  with 
added  are  usually  needed  >  obtain  SiC  free  of  elemental  C  or  Si  and 

significant  variations  in  composition  are  often  experienced  as  the 
deposition  conditions  are  varied  (1,2J.  Moreover,  the  HC1  produced  as  a 
byproduct  of  the  decomposition  of  chlorosilanes  can  be  corrosive  to  fiber 
reinforcements  or  Si  substrates  [lj. 

The  Use  of  Cycl i,c.  OrRanometal  lies  as  Precursors  to  AIN  and  SiC 

A  key  objective  of  our  research  efforts  has  been  to  develop  precursors 
and  procedures  that  will  be  effective  in  depositing  refractory  materials 
such  as  AIN  and  SiC  in  high  purity  at  relatively  low  temperatures  (<500  C) 
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and  pressures  (<  10  torr)  under  thermal  CVD  conditions.  Such  procedures 
would  be  advantageous  for  many  applications  for  CVD  in  electronics  or  in  the 
processing  of  structural  components  where  the  substrate,  the  interface 
chemistry  or  the  device  structures  built  into  the  substrate  may  set 
effective  limits  on  the  processing  temperature. 

Another  major  objective  of  our  program  has  been  to  obtain  a  detailed 
understanding  of  selected  thermal  CVD  processes  and,  through  this 
understanding,  to  develop  precursor  structure/function  relationships  that 
will  be  useful  in  the  design  of  new  precursor  systems.  In  this  context,  we 
have  selected  two  particular  systems  for  detailed  study,  leading  to  the 
production  of  AIN  and  SlC  thin  films,  respectively.  In  both  cases  the 
selected  precursor  systems  are  cyclic  compounds  which  provide  al  1  of  the 
required  elements  of  the  product  thin  film  in  the  form  of  a  volatile 
molecular  entity  of  the  type,  [ A(XX' ) B(YY' ) ] ^  (where  A,  B  -  Al ,  N;  or  Si,  C; 

X,X',Y,Y'  -  H,  CH^ ,  etc.  and  n  -  7  and  3).  Our  prior  studies 

have  provided  ample  evidence  for  the  efficacy  of  such  cyclic  species  as  both 
AIN  and  SiC  precursors,  as  well  as  a  base  of  fundamental  information 
reLating  to  their  synthesis,  properties  and  pyrolysis  chemistry  [3].  As  r« 
class  of  molecular  species,  such  cyclic  compounds  often  afford  higher 
volatilities  compared  to  analogous  acyclic  compounds,  perhaps  due  to  their 
mo*  *!  compact  molecular  structures,  as  well  as  a  core  structural  unit  that 
can  be  used  as  a  framework  for  attaching  different  substituent  groups. 


A IN  Deposition  Using  Organoa luminum  Amides 


In 


the  case  of  the  cyclic  organoaluminum  amides  of  the  typ 
both  dimeric  (n  -  2)  and  trimeric  (n  -  3)  structures  are  know 


[R2AlNRVn 

depending  on  the  nature  of  the  R  and  R'  groups;  however,  the  most  volatile 
species  are  those  with  relatively  simple  (R,  R'  -  rte  or  H)  substituents  ' U ) . 
The  compound  [Et2AlN^]^  has  been  studied  by  Gladfelter  and  cowuikeis  ami  is 

reported  to  give  films  at  quite  low  deposition  temperatures;  however. 
C-contamination  appears  to  be  a  significant  problem  [5).  We  have  examined  a 
series  of  N-Me  and  N-H  amides  and  have  found  that,  of  these,  only 
(Me^AlNH^^  gives  satisfactory  results  as  a  MOCVD  precursor  for  AIN  [6j. 

Our  initial  studies  of  this  precursor  were  carried  out  in  a  simple 
hot -wall  CVD  reactor  and  resulted  in  the  deposition  of  high  quality, 
polycrystalline  thin  films  of  AlN  on  Si  and  other  substrata  at  considerably 
lower  temperatures  than  had  been  required  previously  to  obtain  films  of  this 
type  [7).  The  apparent  resemblance  between  the  six-membertd  (AlN)^  rings  in 


this  precursor  and  those  that  make  up  the  wurtzite  structure  of  AlN  provided 
an  additional  stimulus  for  a  more  detailed  study  cf  the  precursor- to -ceramic 
conversion  process  in  this  case.  However,  separate  studies  of  this 
precursor  system  in  solution,  by  NMR  spectroscopy,  revealed  a  rapid 
equilibrium  involving  the  dimeric  and,  presumably,  the  monomeric  form  of 
this  compound  [8]  and  Generalized  Valence  Bond  calculations  were  performed 
that  indicated  a  planar  structure  and  a  significant  stability  for  this 
monomer  [9],  Recent  mass  spectral  studies  carried  out  in  collaboration  with 
.J .  Hudson  have  suggested  that  this  trimer-dimer  equilibrium  extends  also  to 
the  gas  phase  and  that  the  active  species  in  the  CVD  process  may  be  one  of 
these  other  forms  of  the  precursor  [10].  We  are  currently 

engaged  in  a  detailed  study  of  the  gas  phase  chemistry  of  the 

compound  by  using  a  molecular  bean,  mass  spectrometry  system  to  sample  the 
gas  phase  species  from  a  reactor  held  at  different  temperatures  and 
pressures.  Time -of - f 1 i ght  measurements  are  being  carried  out  in  this  system 
in  order  to  distinguish  the  parent  molecular  species  from  fragments  produced 
in  the  mass  spec  trometer .  The  objective  of  these  studies  is  to  gain  a 
better  understanding  of  the  gas  phase  chemistry  occurring  in  a  hot -wall  i'Yb 
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reactor  using  the  [M^AlNH^]^  compound. 

SiC  Deposition  with  D i s i 1 a c vc 1 obu t ane s 

Our  study  of  SiC  precursors  has  centered  on  a  serie  of 
disilacyclobutanes  which  contain  the  (SiC)^  ting  bit  which  differ  in  the 

nature  of  the  substituents  that  are  attached  to  this  ring.  The  objective 
here  is  to  examine  a  homologous  series  of  compounds  with  a  common  structural 
core,  so  as  to  determine  how  the  nature  of  the  substituent  influences  the 
decomposition  chemistry  and  composi tion/microstruc ture  of  the  product  film. 
The  choice  of  the  disilacyclobutanes  as  the  core  structure  for  this  study 
was  motivated  by  the  results  of  prior  decomposition  studies  of  organosilicon 
compounds  and  the  supposition  of  significant  ring  strain  energy  stored  in 
the  relatively  small  four-membered  (SiC)^  ring  [111.  In  comparison  with  the 

organoaluminum  amides  studied  as  A  IN  precursors,  it  should  be  noted  that  the 
nature  of  the  bonding  and  the  chemistry  in  these  (SiC)0  compounds  differs 

considerably,  with  a  greater  prevalence  of  covalent  bonding  and  radical 
decomposition  processes  in  the  case  of  the  organosilicon  species. 

The  specific  compounds  chosen  for  study  in  this  initial  examination  of 
substituted  1 , 3- disilacylobutanes  as  SiC  precursors  are  members  of  the 
structural  type, 

/\ 

XX'  Si  SiXX"  where:  X  »  Me .  X'  -  H,  X'*  -  ClLSfH.CH,  (I) 

\  /  223 
Cll2  X  *  He,  X'  .X"  -  H  (II) 

and  X,  X' ,  X"  -  H  (III) 

Preliminary  results  obtained  for  the  initial  compound  in  this  series, 

[ MeS i (H)/i  (CH^ )2Si (Me) CH^SiH^Me ]  (I),  along  with  its  synthesis.  were 

described  in  earlier  publications  [12].  We  have  now  prepared  the 
1 , 3  -  dime thyl- 1 , 3  - dis i lacyclobutane  (II),  as  well  as  the  parent 
1  ,  3  -  disilacyclobutane ,  [Sil^CHj^  (III),  and  obtained  information  regarding 

their  decomposition  chemistries  and  their  utility  as  SiC  precursors.  The 
results  of  these  studies  are  reported  briefly  herein. 

EXPERIMENTAL 

Preoarat ion  of  Precursors 

1 , 3 -Dimethyl '  1 , 3- disilacyc lobutane  was  prepared  as  a  ca.  *>0/50 
c is/trens  mixture  by  using  a  modification  of  the  procedure  described  by 
Kriner  [13].  This  involved  the  Grignard  coupling  of  CH^C.l  { OKI )SiCH0Cl  with 

Mg  in  THF,  followed  by  reduction  with  LlAlH^  in  THF.  The  resultant  mixture 

consisting  of  mainly  the  four-  and  six-mo mho red  ring  compounds 
l Si (He )HCH2 j was  purified  by  atmospheric  pressure  fractional  distillation 

(under  N^)  giving  an  overall  yield  of  ca.  for  the 

l r 3 -dimethyl - 1 , 3 -disilacyclobutane  product  mixture  (b.p.  ^b-98  °C)  . 

Disilacyclobutane  was  also  prepared  by  using  a  method  described  in  the 
literature  [14],  which  involved  the  pyrolysis  of  1 , l -dichloro- 1  -  si  la • 
cyclobutane  vapor  by  passing  it:  through  a  840  C  furnace  tube  packed  with 
porcelain  saddles.  The  resultant  1 , l . 3, 3- tetrachloro - 1 . 3 -disilacvc lo-butane 
was  purified  by  sublimation  and  reduced  in  n-Bu„0  with  LiAlH^  at  0  C.  The 

overall  yield  was  on  the  order  of  30%.  113  2 ° 

Roth  compound*;  were  characterized  by  H,  •  • ,  and  SI  NMR  spect  rosupy  . 
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as  well  as  by  mass  spectrometry,  and  were  >95%  pure. 

CVD  Apparatus 

A  home-built,  cold-wall,  hot-stage  CVD  apparatus  was  used  for  these 
studies  that  was  described  briefly  In  a  previous  paper  [12b].  The  apparatus 
includes  a  stainless  steel  reactor  chamber  which  contains  the  heated 
substrates,  a  bubbler  loaded  with  the  precursor,  and  a  vacuum  system 
consisting  of  a  turbomolecular  pump  backed  by  a  two-stage,  rotary  vane 
mechanical  pump.  The  Si(lOO)  substrates  (resistivity  -  l.l  11  era. ; 
phosphorus  doped)  were  cleaved  into  ca.  1.4  cm  X  6.5  cm  rectangular 
sections.  Two  or  three  of  these  substrates  were  then  connected  in  a  series 
circuit  using  tungsten  clips  with  copper  leads  and  resistiveiy  heated  by 
using  a  current- limited  DC  power  supply.  The  temperature  is  measured  by 
means  of  a  thermocouple  attached  to  one  of  the  wafers.  The  thermocouple  was 
calibrated  throughout  the  temperature  range  of  interest  prior  to  deposition 
under  1  Torr  Ar  pressure  by  using  an  optical  pyrometer.  The  operating 
pressure  in  the  reactor  is  monitored  by  a  temperature-controlled  capacitance 
manometer  and  controlled  during  the  deposition  by  means  of  an  electronically 
operated  butterfly  valve  between  the  pumping  system  and  the  reactor  chamber. 

Decomposi tion  Onset  Determination 

The  CVD  experiments  using  the  LPCVD  system  described  above  were  all 
carried  out  using  a  mass  flow  controlled  argon  carrier  gas  (10.0  seem)  while 
maintaining  a  constant  reactor  pressure  of  1.0  ±0.1  Torr.  The  precursor 
was  loaded  into  a  stainless  steel  bubbler  while  inside  a  N^-dry  box.  Once 

the  bubbler  was  attached  to  the  CVD  system,  the  precursor  was  subsequently 
freeze/thaw-degassed  (backfilling  with  argon  to  remove  the  N^rj)  before  the 

start  of  the  CVD  experiment.  During  each  LPCVD  experiment,  the  partial 
pressure  of  the  precursor  was  maintained  at  ca.  2.0  Torr  by  cooling  the 
bubbler  with  an  appropriate  slush  bath. 

For  the  decomposition  onset  determination,  a  quadrupole  mass 
spectrometer  was  connected  to  the  reaction  chamber  downstream  of  the  heated 
wafer  sections.  A  series  of  liquid  N^-cooled  Craps  were  placed  in  the  line 

leading  to  the  mass  spectrometer  in  order  to  trap  out  unreacted  precursor 
and  condensible  byproducts.  While  flowing  the  precursor  continuously 
through  the  reactor,  the  temperature  of  the  Si(l00)  substrates  was  increased 
incrementally,  as  the  intensity  of  the  m/e  -  15,  16  peaks  for  methane  and 
m/e  *  2  for  hydrogen  were  monitored  in  the  mass  spectrometer.  After  each 
temperature  increase,  a  reading  was  taken  at  each  m/e  setting  until  a 
relatively  constant  value  was  obtained.  After  reaching  a  maximum  of  ca.  °00 

C,  the  substrate  temperature  was  then  decreased  in  intervals,  taking 
readings  again  at  each  temperature  setting.  During  the  long  period  over 
which  these  measurements  were  performed  (several  hours),  an  appreciable 
thickness  of  SiC  was  deposited,  insuring  a  fresh  "SiC"  surface  throughout 
these  decomposition  studies. 

RESULTS  AND  DISCUSSION 

In  our  initial  studies  of  SiC  MOCVD  we  employed  a  substituted 
disilacyclobutane ,  l , 3 -dimethyl -  3- (methyls i lyl) methyl - 1 , 3- disi lacyc lobu tane 
(MeS i (HlpiCH^) 2$i (Me)CH^Silf^Me f  (I),  that  was  obtained  as  the  major  volatile 

product  from  the  Grignard  coupling  of  MeS iCl^Cf^Cl ,  after  reduction  (12,13). 

Its  ease  of  synthesis,  compared  to  the  simpler  unsubst.  ituted  and 
methyl -substituted  derivatives,  and  the  observation  that  it  gave  near 
stoichiometric  SiC  films  in  a  hot-wall  CVD  reactor  environment,  makes  it  an 
attractive  choice  as  a  CVD  precursor.  However,  subsequent  studies  in  our 
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cold-wail  reactor  indicated  that 
considerably  with  the  deposition 
in  excess  of  750  C  were  needed  to 


the  composition  of  the 
conditions  employed  and 
achieve  decomposition. 


SiC  product 
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Figure  1.  Structures  of  disilacyclobutanes  used  in  this  study. 


The  present  study  set  out  to  compare  this  precursor  with  two  related 
dis i lacyclobutanes ,  1 , 3-dime.th'  1- 1 . 3-disilacyclobutane  \ Si(Me)HCH^ ! 2  (ID. 

and  1 , 3-disilacyclobutane  itself.  [SLHgvl^Jj  These  precursors  differ 

in  the  number  of  hydrogen  atoms  attached  to  the  Si  atoms  of  the 
disilacyclobutane  ring,  with  1.  2.  and  #  H's  present  in  (I),  (II)  and  (III) 
respectively.  They  also  differ  in  volatility,  with  the  vapor  pressure  at  25 
C  increasing  from  ca .  2  to  46  and  305  Torr  from  (I)  to  (III). 

The  results  of  the  decomposition  onset  study  for  compound  (I)  are  shown 
in  Figure  2,  and  indicate  a  decomposition  onset  for  this  precursor  of 
approximately  760  C.  Similar  measurements  were  performed  on  both  compounds 
£11)  and  (III),  indicating  decomposition  onset  temperatures  of  740  and  670 
C,  respectively .  It  is  notable,  however,  that  in  the  case  of  compound 
(III),  no  methane  byproduct  was  observed,  thus  only  the  hydrogen  m/e  -  2 
peak  was  employed  to  determine  the  decomposition  onset  temperature  for  this 
precursor . 
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Figure  7.  Deposition  onset  determination  for  compound  I;  closed  symbols 
are  for  measurements  performed  on  decreasing  the  substrate  temperature. 
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Separate  studies  in  which  the  substrates  were  held  at  the  above  onset 
temperatures,  but  where  the  temperature  of  the  substrates  varied  locally, 
indicated  that  these  decomposition  onset  temperatures  also  correspond 
approximately  to  the  minimum  temperatures  for  the  production  of  a  film. 

The  next  series  of  experiments  involved  deposition  for  an  extended 
period  (ca.  1-2  h)  at  a  particular  temperature  (ca.  70u,  800,  900,  loOO  arid 
1100  C)  in  order  to  deposit  at  least  2  of  the  product  film.  The 
substrates  were  then  removed  from  the  reactor  for  composition.il  analysis  by 
Auger  spectroscopy.  The  deposition  rates  in  these  experiments  varied  from 
about  0.05  to  15  /xra/h  and  the  pressure  in  the  reactor,  as  in  the  deposition 
onset  studies,  was  maintained  at  1  Torr  total  pressure. 

The  results  indicate  that  the  films  obtained  from  precursors  (I)  and 
(II)  under  these  conditions  contain  excess  carbon,  (as  much  as  16  atomic  % 
for  precursor  (I)  at  760  C)  but  that  these  films  approach  the  stoichiometric 
SiC  composition  at  substrate  temperatures  of  1100  and  1000  C.  respectively 
(Figure  3),  On  the  other  hand,  the  pyrolysis  of  precursor  (III)  produces 
Si-rich  films  (ca.  6%)  at  the  lowest  temperature  studied  (700  C)  .  but 
reaches  the  stoichiometric  ratio  by  800 
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Figure  3.  SiC  composition  as  a  function  of  temperature  for  films 
deposited  by  using  compound  I. 

Powder  X-ray  diffraction  studies  were  also  carried  out  on  these  films 
using  a  pole  figure  diffractometer  to  analyze  for  possible  preferred 
crystallite  orientation.  XRD  patterns  consistent  with  /J-SiC  were  observed 
for  films  deposited  by  using  all  three  precursors;  however,  in  the  case  of 
precursors  (1)  and  (II),  only  the  films  obtained  at  the  higher  temperatures 
(>900  C)  exhibited  significant  crystallinity.  For  precursor  (III)  on  the 
other  hand,  even  at  the  lowest  deposition  temperature  studied  (800  C)  the 
films  were  clearly  crystalline.  In  this  case,  a  pole  figure  resulting  from 
analysis  of  the  film  deposited  at  945  C  was  obtained  which  indicated  a 
'strong  (70%)  fiber  SiC(lll)  texture. 

Thus,  for  these  three  precursors,  the  onset  of  crystallinity  correlates 
with  the  composition  of  the  product  films  and,  as  the  composition  approaches 
1:1,  increased  crystallinity  is  evidenced.  This  is  consistent  with 
expectations  regarding  the  inability  of  the  crystalline  SiC  phases  to 
tolerate  significant  variations  from  the  1:1  stoichiometry  and  the  prior 
observations  that  excess  C  (or  Si)  tends  to  segregate  t;o  the  SiC  grain 
boundaries,  thereby  inhibiting  crystallization  [15].  The  observation  of 
preferred  orientation  of  the  SiC  crystallites  in  the  film  obtained  from 
precursor  (III)  at  945  C  can  be  also  be  understood  on  the  basis  of  prior 
work,  in  which  it  was  concluded  that  the  SiC(lil)  plane  would  be  preferred 
for  crystal  growth  because  it  has  a  surface  energy  minimum  resulting  from  a 
high  atomic  packing  density  (16). 
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SEM  and  F TIR  transmission  studies  were  also  Carried  out  on  U«e 
SIC-coated  Si  wafer  sections.  The  SEM  studies  indicated  a  vide  variation  of 
surface  and  cross-sectional  film  morphologies  ranging  from  apparently  fine 
grained,  dense  structures  to  rather  porous  deposits  with  elongated  grains 
depending  on  the  precursor  employed  and  Che  deposition  temperature,  In 
general,  the  films  were  well  adhered  to  the  Si  surface  and  had  a  rough, 
grainy,  surface  morphology.  The  FTIR  studies  showed  only  the  expected  800 
cm  band  characteristic  of  SiC  with  no  absorption  bands  in  either  the  C-H 
or  Si-H  stretching  regions. 

After  completion  of  a  series  of  depositions  at  different  temperatures 
lot  each  precursor,  the  Byproducts  cn<»c  i<au  v _ '  in  tl.e  main  lirp*’**  N 

cold  trap  in  the  CVD  apparatus  were  analyzed  by  using  both  G.C./FTIR  and 
mass  spectrometry.  In  the  case  of  (I),  a  mixture  of  hydrocarbons  and 
methylsilanes  were  observed,  including  ethane,  ethylene,  acetylene,  plus 
mono-,  di-,  t.ri-  and  tetramethylsilane.  In  the  case  of  (II),  the  same 

hydrocarbons,  along  with  methyl-,  dimethyl-  and  tr imethylsiiane  were 
detected,  but  no  tetramethylsilane .  Both  precursors  also  gave  hydrogen  and 
methane  as  byproducts,  as  indicated  from  the  decompos i t ion  onset  studies. 

In  contrast,  the  byproduct  distribution  obtained  from  precursor  (III) 
was  relatively  sparse,  with  only  traces  of  the  r ^  hydrocarbons  along  with 

methyl-  and  dimethylsilane  detected,  in  addition  to  the  hydrogen  noted  in 
the  deposition  onset  determi nation. 

Both  the  gas  products  observed  and  the  composi tionaL  variations  in  the 
product  films  obtained  using  these  three  precursors  can  be  understood  on  the 
basis  of  prior  mechanistic  studies  of  decomposition  reactions  of  these  and 
related  1 , 3-disi  lacyclobutanes .  1 , 3-Disilacyclobutane  (HI)  and 
1 , 8- dimethyl -1 , 3 -disilacyclobutane  (II),  along  with  the  tetramethyl 
derivative,  have  been  studied  in  a  stirred  flow  reactor  by  Auner  and 
coworkers  [lib].  The  results  of  these  and  other  studies  [11a, 14, 17]  have 
suggested  that  the  decomposition  onset  temperature  for  these 
disilacyclobutanes  varies  inversely  with  the  number  of  H-atoms  substituted 
onto  the  Si  atoms  of  the  rings,  with  the  parent  dis ilacyc lobuCnne 
decomposing  at  the  lowest  temperature.  This  presumably  relates  to  the 
tendency  of  these  H-substituted  disilacylobutanes  to  form  reactive  siiylenes 
( : S iRR '  species)  by  1,1*H.  elimination  or  1,2  Si-to-C  H- transfer  reactions 

that  again  form  a  silylene  with  resultant  ring  opening. 

The  product  distribution  from  the  stirred  flow  reactor  study  also 
parallels  that  observed  herein  for  these  precursors,  where  the  distribution 
of  methylsilanes  observed  reflects  the  bonding  of  Si  in  the  initial 
precursor.  Thus  only  compound  I,  which  has  up  to  four  carbons  around  one 
Si,  produces  tetramethyl silane ,  compound  II  gives  tr imethylsiiane  as  the 
highest  methylated  silane,  and  III,  1 , 3  -  dis  i  lacyclobutane  ,  gi  ves  only  up  to 
dimethylsilane.  This  suggests  that  molecular  rearrangements  involving  H 
transfer,  as  opposed  to  radical  processes,  are  dominant  in  determining  the 
silane  reaction  byproducts.  Clearly  more  work  needs  to  he  done  on  these 
systems  before  a  detailed  reaction  mechanism  can  be  discussed  with  any 
confidence.  Further  deposition  experiments  along  with  surface  decomposition 
studies  are  planned  in  order  to  help  answer  these  remaining  questions. 

In  comparing  these  three  compounds  as  SiC  CVD  precursors,  the  parent 
disilacyclobutane  is  clearly  the  preferred  compound  for  use  in  situations 
where  the  product  purity  and/or  deposition  temperature  are  critical  factors. 

On  the  other  hand,  the  preparation  of  this  compound  is  still  relatively 
difficult  and  it  is  certainly  too  costly  to  use  at  present  for  large  scale 
CVD  or  CVI  appl i cat  ions .  Efforts  to  obtain  this  compound  by  more  convenient 
methods  nd  to  examine  alternative  precursors  of  this  type  are  also  in 
progress . 
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ABSTRACT 

Copper  oxide  films  were  prepared  by  organometallic  chemical  vapor 
deposition  of  copper  acetylacetonate  in  an  oxygen-rich  environment.  The  films 
were  characterized  by  X-ray  diffraction.  Auger  electron  spectroscopy,  X-ray 
photoelectron  spectroscopy,  and  scanning  electron  microscopy .  At  36G°C,  Cu20 
films  were  formed  for  an  oxygen  pressure  of  150  torr  and  a  copper 
acetylacetonate  vapor  pressure  of  0.2  torr).  The  Cu20  iiln.  was 
polycryatalline,  but  the  orientation  was  primarily  1111].  Differential 
scanning  calorimetry  indicated  that  02  assists  decomposition  of  the 
organometallic  precursor  during  pyrolysis. 


INTRODUCTION 

Transition  metal  oxide  ilms  have  important  optical,  microelectronic, 
and  energy-related  applications  [1].  Copper  oxide  (CuO  and  Cu20)  films  have 
been  examined  recently  because  of  potential  uses  for  9olar  cells,  catalysts, 
and  related  superconductor  materials. 

Thermal  oxidation  {2},  electrodeposition  |3],  and  reactive  sputtering 
(4}  have  been  used  to  produce  copper  oxide  films.  Organometallic  chemical 
vapor  deposition  (MOCVD)  is  potentially  advantageous  because  of  lower 
processing  temperatures,  reduced  carbon  contamination,  and  improved 
versatility. 

Copper  acetylacetonate  (Cu (CH3COCHCOCH3 ) 2  or  Cu(acac)2)  is  volatile  at 
moderate  temperatures  and  is  commercially  available  and  less  toxic  than  other 
p-diketonate  derivatives.  Previous  research  with  metal  acecylacetonate-MOcvD 
processes  has  established  that  oxidizing  gases  are  necessary  to  control  the 
stoichiometry  of  the  films  [5,6].  Ajayi  found  that  hydrocarbons  produced  from 
Cu(acac)2  decomposition  were  responsible  for  surface  reduction  of  the  copper 
oxide  films  [5].  carbon  contamination  has  also  been  investigated.  Armitage 
reported  that  this  contamination  was  diminished  if  the  deposition  was 
performed  in  air  (6). 

In  this  study,  MOCVD  processing  conditions  were  determined  for  the 
production  of  Cu20  films.  Characterization  of  the  films  by  X-ray  diffraction 
( XRD ) ,  Auger  electron  spectroscopy  (AES),  X-ray  photoelectron  spectroscopy 
(XPS) ,  and  scanning  electron  microscopy  (SEM)  provided  structural  and 
composit ional  information.  Differential  scanning  calorimetry  (DSC)  was 
employed  to  investigate  the  pyrolysis  of  Cu(acac)2  under  inert  or  oxidizing 
conditions . 


EXPERIMENTAL 

Deposition  experiments  were  performed  in  a  tubular  quartz  reactor. 
Cu(acac)2  (Aldrich,  99%)  was  sublimed  using  He  (Air  Products)  as  the  carrier 
gas.  This  stream  was  mixed  with  02  and  He  to  obtain  the  desired  partial 
pressure  of  oxygen.  The  depositions  were  performed  on  Si(100)  (Unisil  Corp. , 
p-type).  Depositions  were  performed  for  10  minutes. 
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Instruments  for  characterization  included:  Siemens  D-SOO  X-ray 
diffractometer,  Perkin  Elmer  PHI  600  Scanning  Auger,  AEI  2008  Spectrometer, 
and  Cambridge  S-200  scanning  electron  microscope. 

Pyrolysis  of  Cu(acac)2  was  studied  by  a  DuPont  2910  differential  scanning 
calorimeter  (DSC).  Ten  mg  of  Cu{acac)2  was  pyrolyzed  in  N2  or  dry  air  at  a 
flow  rate  of  36  ml/min.  The  programmed  heating  rate  was  5°C/min. 


RESULTS  AND  DISCUSSION 

Initially,  depositions  were  performed  under  the  following  conditions: 
carrier  gas  flow  rate  (£t)  -  100  seem,  temperature  (T)  =■  360°C,  total  pressure 
(PT)  =  760  torr,  oxygen  partial  pressure  (P0  )  *  150  torr,  copper 
acetyl acetonate  pressure  (PCll)  =  0.20  torr.  Part ic£e-like  aggregates  can  be 
observed  by  SEM  (Figure  1A)  with  areas  where  no  deposition  has  occurred.  The 
irregular  shape  of  the  deposits  suggests  that  gas-phase  homogeneous  nucleation 
dominated.  The  film  morphology  could  be  altered  by  increasing  the  carrier  gas 
flow  rate:  continuous,  smooth  films  were  formed  for  carrier  gas  flow  rates 
above  600  seem  (Figure  IB).  The  total  pressure  primarily  affected  the 
deposition  rates. 


Fig.  1  (A)  Fig.  1  <B) 

SEM  of  MOCVD  film  SEM  of  MOCVD  film 
(Qj-  =  100  seem)  (Qj-  *  600  seem) 

With  both  PT  (760  torr)  and  Qy  (750  seem)  constant,  depositions  using  a 
variety  of  reactant  concentrations  and  substrate  temperatures  were  performed 
to  produce  different  film  compositions.  Crystalline  phases  were  examined  by 
XRD.  In  Table  I,  the  processing  conditions  for  producing  films  containing 
crystalline  Cu20,  CuO  and  Cu  phases  are  listed.  For  a  limited  range  of 
processing  parameters,  Cu20  was  the  only  crystalline  phase  present  in  the 
films:  for  PQ  *  150  torr  and  PCu  -  0.20  torr,  Cu20  films  were  deposited  over 
a  narrow  temperature  range  (T  -  360°C);  at  higher  precursor  concentrations 
(PCu  =  0-25  torr),  Cu20  deposition  occurred  from  T  -  340  to  380°C. 

The  XRD  pattern  of  a  typical  Cu20  film  is  shown  in  Figure  2.  A  strong 
diffraction  peak  is  observed  at  d  *  2.464  K  and  is  assigned  to  the  Cu20  (111) 
plane.  This  (111)  preferential  orientation  was  found  in  most  films  dominated 
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Table  I 

Process  condition  for  preparing  Cu^o  films 
(PT  »  760  torr  and  =  750  standard  cnj3/m) 


T°C 


P0  (torr)  Pc„  (torr)  XRD  (A)* 


340 

150 

0.2 

2.18,  2.46 

360 

150 

0.2 

2.46 

380 

150 

0.2 

2.32,  2.46,  2.52 

400 

150 

0.2 

2.32,  2.52 

340 

150 

0.25 

2.46 

360 

150 

0.2$ 

2.46 

380 

150 

0.25 

2.46 

400 

150 

0.25 

2.52,  2.46,  2.32 

‘Reference  compounds 


Plane 

d-Spacing  (h) 

Intensity  (%) 

Cu 

an) 

2.18 

100 

(200) 

1.82 

78 

Cu20 

(110) 

2.53 

34 

(111) 

2.46 

100 

(200) 

2.32 

23 

(211) 

2.14 

17 

CuO 

(110) 

2.75 

12 

(002) 

2-53 

49 

mi) 

2.52 

100 

dm 

2.32 

96 

(200) 

2.31 

30 

Table  II 

Auger  spectroscopy  and  XPS  of  MOCVD  films 


MOCVD  film 

CuO 

CujO 

Cu 

CuCOj 

aAu(eV) : 

OfcteV)  : 

1848.8 

530.5 

1851.6 

529.6 

1848.7 

530.4 

1851.2 

1851.1 

Cu  2p3/2 

peak  position  (eV) : 

932.7 

933.8 

932.7 

932.8 

934-6 

Cu  2P3/2 

peak  width  (eV) : 

1.8 

4.0 

1.8 

1.9 

?WC  ll'f  FA  !}  SfA.ViWi 

Fig.  2 

XRD  o£  MOCVD  film 


00  SO  0  *0  0  *0  0  <*0  0  'SO  0  '*0  0  7*0  0  ?<0  0 

SPUTTER  TIME  (min) 

Fig.  3 

Depth  profile  auger  of  MOCVD  film 

by  the  Cu20  crystalline  phase.  A  weak  peak  at  d  *  2.724  A  originate*  from  the 
Si  (200)  plane  of  the  substrate. 

AES  studies  involved  recording  the  peak-*to-peak  ratio  (dN/dE)  of  the 
O(KLL)  line,  the  C(KLL)  line,  the  Cu(MNN)  line,  and  the  Cu(LMM)  line.  Two 
compositional  2ones  are  apparent  in  the  film  (Figure  3) -  In  t-he  outer  surface 
layerB  (about  20  K) ,  copper,  oxygen,  and  carbon  were  detected.  The 
concentration  of  carbon  dropped  to  below  1%  under  this  surface  layer:  Cu  and 
0  were  the  primary  components. 

The  possible  existence  of  other  phases  was  also  investigated  by  depth 
profile  XPS .  After  sputtering  the  surface  layer,  the  XPS  spectrum  of  the  Cu 
2p  core  electrons  of  this  film  (Figure  4)  had  two  peaks  at  932.  7  eV  (Cu  2p3<n) 
and  9S3  eV  (Cu  2pI/2)  .  The  width  (FVJHM)  of  the  Cu  2p3/2  peak  was  1.8  eV,  and  the 
distance  between  the  Cu  2p3/2  peak  and  the  Cu  2p,/2  peak  was  20-3  eV.  These 
results  indicate  the  presence  of  Cu°  or  Cu+l.  As  shown  on  Table  II,  copper 
carbonates  (CuC03)  or  hydroxides  (Cu(OH)2)  are  not  likely  to  be  present.  Also 
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the  absence  of  Cu  2p  satellite  peaks  implies  that  Cu*~  compounds  probably  are 
not  present  (such  as  CuO) -  Comparison  of  the  X-ray  induced  AES  (XAES)  peak 
position  of  Cu(LMM)  in  the  spectrum  (916.1  eV)  with  the  XAES  values  for  Cu 
(918.4  eV)  and  Cu20  (916  eV)  (9)  indicates  that  the  only  detectable  phase  i a 
Cu20. 

DSC  was  employed  to  monitor  the  thermal  energy  during  the  decomposition 
of  Cu(acac)2.  As  shown  in  Figure  5A,  there  are  three  peaks  for  Cu(acac>> 
pyrolysis  in  air.  The  first  endothermic  reaction  occured  at  241°C;  this  was 
followed  immediately  by  an  exothermic  peak  located  at  2SS°C.  A  third  feature 
was  a  shoulder  at  337 °c.  In  the  N?  ambient  (Figure  5B),  the  first  endothermic 
peak  was  also  found  at  about  the  same  temperature.  However,  the  second 
exothermic  peak  (265°C)  was  10°C  higher  and  also  much  broader  than  the  second 
peak  for  the  air  studies.  The  position  of  the  third  peak  was  very  similar  to 
that  for  the  air  studies.  Oxygen  apparently  assisted  the  second  "step”  of 
Cu(acac)2  pyrolysis.  A  possible  decompos.tion  pathway  for  Cu(acac).  would 
involve  the  formation  of  reactive  hydrocarbons  indicated  by  the  first 
endotherm  (ligand  dissociation  of  Cu(acac)>).  This  reaction  reached  a  maximum 
rate  at  241°C.  02  reacted  with  these  hydrocarbons,  as  ind  cated  by  DSC:  an 
exothermic  step  immediately  follows  the  first  reaction,  with  the  highest 
reaction  rate  attained  at  255°C.  Clearly,  deposition  temperatures  above  a 
critical  value  were  needed  to  initiate  Cu(acac),  pyrolysis.  O-,  is  probably 
capable  of  oxidizing  the  hydrocarbons  produced  and  thereby  avoid  reduction  of 
the  oxide  film. 


SUMMARY 

Smooth  Cu20  films  were  deposited  by  MOCVD  of  Cu (acac),  under  o;-rich 
conditions.  Cu20  (111)  oriented  grains  could  be  formed  under  specific 
processing  parameters. 
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ABSTRACT 

An  examination  of  thermal  chemical  vapor  deposit  elemental  composition  by  EDAX  has  beer, 
completed  for  material  films  grown  from  Cu(acack  ana  Cu(tmnc);  (acac  =  pentane-2,4-d;ona!e: 
tmhd  =  2,2.6,6-tetramethylheptane-3.5-dionate),  using  both  hydrous  and  anhydrous  earner  gas 
steams  each  of  reducing  (H2),  inert  {N2),  ana  oxidizing  (O2)  composition. 

INTRODUCTION 

The  p-diketonate  complexes  of  Cu(ll)  previously  have  been  used  as  copper  transport  sources 
for  chemical  vapor  deposition  (CVD)  both  of  elemental  copper  for  electrical  conduction,1  and  the 
copper  oxide  planes  which  form  the  basis  of  superconducting  metal  oxides 2  Having  an  interest  in 
each  area,3  we  wondered  what  controlled  the  deposit  composition  which  emanated  from  an  identical 
source  compound.  There  are  numerous  reports  of  utilizing  Cu(acac)2  or  Cu(tmhd)2  as  the  precursor 
for  deposition  of  copper-containing  thin  films;1  however,  to  our  knowledge,  no  systematic 
examination  has  been  reported  for  the  role  of  carrier  gas  in  determination  of  the  composition  of 
these  deposits.  We  now  report  the  results  0!  a  study  exploring  hydrous  and  anhydrous  oxidizing, 
inert,  and  reducing  carrier  gas  streams  for  Cu(acac)2  and  hydrous  and  anhvdrous  oxidizing  and 
hydrous  inert  carrier  gas  streams  for  Cu{tmhd)2. 

EXPERIMENTAL 

Substrate  temperatures  were  determined  by  placement  of  a  thermocouple  abutting  the 
substrate  (Figure  1).  Flow  rates  were  controlled  by  manostat-type  mass  flow  controllers.  Deposit 
compositions  were  determined  by  employing  an  EDAX  attachment  on  a  JEOL  scanning  electron 
microscope.  The  substrate  temperature  and  flow  rate  were  adjusted  to  produce  a  growth  rate  of 
-1  pi/hour.  The  summary  results  presented  for  Cu(acac)2  (Table  I)  and  Cu(tmhd)2  (Table  II)  each 
represent  an  average  value  (X)  of  data  collected  from  six  independent  growth  runs.  The  precursors 
were  prepared  by  known  methods,  identified  as  pure  by  gas  chromatography/  mass  spectrometry 
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(GC/MS),  and  authentic  by  comparison  ol  the  observed  me!:  c.g  points  with  those  reported 
previously.4  All  manipulations  for  bubbler  filling  occurred  m  a  Vacuum  Atmospheres  brand  .net 
atmosphere  glove  box.  S1O2  substrates  were  cleaned  by  washing  with  6  M  HNO3.  snree  times  w-th 
distilled  water,  and  finally  twice  with  electronic  grade  methanol,  and  ov«n  ar.ed  at  '30’C  ur.-O'  to 
use.  The  entire  growth  system  was  equilibrated  at  growth  conditions  for  ’5  -  20  nunutes  prior  to 
introduction  of  the  source  material  into  the  vapor  phase.  The  optimum  bubbler  temperatures 
necessary  for  saturation  of  the  carrier  gas  stream  were  ascertained  by  examination  of  GC  MS 
decomposition  data  for  the  two  precursors. 


Figure  1.  Schematic  diagram  of  the  hot-walled  CVO  reactor  used  to  deposit  films  from  Cufacac)? 
and  Cuftmhdjj.  Key:  TC,  thermocouple;  Zi  -  Z3,  independent  control  temperature  zones;  Si  •  S3, 
substrates  to  be  coated;  PH.  pie-heater  for  deposition  gasses;  By.  bubbler  temperature;  MFC.  mass 
flow  controller;  Gl  -  G2.  inlet  ga'ces;  note  tnat  both  TC  and  G2  have  variable  positions  due  to  ne 
addition  of  bellows  in-line.  Flow  through  G2  was  utilized  to  prevent  premature  decomposition  of  tre 
source  for  those  ambients  with  which  it  reacted  rapidly. 


exhaust 

* 


!  Z3  .  Z2 


7.' 


Table  I,  Effect  of  Thin  Film  Deposit  Composition  on  Deposition  Atmosphere  for 
Cu(acac)2  (1  pihour,  x  of  6  runs). 
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AtmosDhere 

Substrate  temp 

Flow  rate 

DeDosit  comoosition 

fsccm) 

Ar 

387.1 

186 

Cu 

O2 

360.7 

135 

CU2O 

H2 

386.0 

231 

Cu 

Ar  +  H20 

371.5 

231 

Cu 

02  +  H20 

367.4 

135 

CU2O 

h2  +  h2o 

3130 

231 

Cu 

Table  II.  Effect  of  Thin  Film  Deposit  Composition  on  Deposition  Atmosphere  for 
Cu{tmhd)2  (1  plhour,  x  of  6  runs). 


AlMQSfHERE 

DEPOSIT  .COMPOSITION 

02 

Cu20 

02  +  H2O 

Cu20 

Ar  +  H20 

Cu 

RESULTS 

Both  precursors  produced  only  elemental  copper  under  all  condition;,  examined  other  than  those 
utilizing  oxidizing  ambients,  For  all  three  sets  of  growth  atmospheres  explored  (reducing,  oxidizing, 
and  inert)  the  inclusion  of  a  water  saturated  carrier  gas  stream  proved  to  be  uncorrelated  with 
deposit  composition.  No  significant  differences  were  found  between  Cu(acac)2  and  Cu(tmhd)2  in  the 
current  study.  Both  yield  Cu°  under  non-oxidizing  atmospheres,  and  CU2O  under  oxidizing  conditions. 
We  presently  explain  these  observations  by  invoking  the  known  oxidation  of  elemental  copper  at 
growth  conditions.5  Thus,  under  all  sets  of  deposition  parameters  investigated  in  the  present  study. 
including  oxidizing  ones ,  the  initial  deposit  formed  from  Cu(acac)e  or  Cuftmhd)?  is  Cu°.  The  film 
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remains  intact  under  reducing  or  inert  conditions,  whereas  in  an  oxidizing  ambient,  it  is  converted  by 
a  second  reaction  from  Cu°  to  copper  oxide.  This  explanation  is  consistent  with  all  data  observed 
to  date,  and  shows  great  potential  for  employment  of  sources  containing  copper-oxygen  bonds  in  the 
deposition  of  high  purity  metal  for  ULSI  electronic  device  use.  For  the  case  of  superconducting  metal 
oxides,  clearly  a  two  step  mechanism  is  necessary  for  growth  of  copper-oxygen  sheets  from  the 
bis-p-diketonate  family  of  source  compounds.  However,  this  may  not  prove  to  be  a  detrimental 
feature,  as  that  high  quality  superconducting  metal  oxides  have  been  grown  by  chemical  vapor 
deposition  from  bis-p-diketonate  precursors.2- 3 
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CHEMICAL  VAPOR  DEPOSITION  OF  TUNGSTEN  AND  MOLYBDENUM 
FILMS  FROM  M(i|3-C3H5)4  (M=Mo,  W) 


Rem  u.  Kirss*,  Jian  Chen  and  Robert  B  Hallock,  Northeastern 
University,  Department  of  Chemistry,  Boston,  MA  021  15 


Abstract 


Chemical  vapor  deposition  using  tetra(allyl)  tungsten  and 
molybdenum  precursors  yielded  amorphous  tungsten  and  molybdenum 
carbide  films  on  pyrex  substrates  The  films  were  characterized  by 
Auger,  ESC  A,  SEM,  XRO  and  resistivity  measurements  Volatile 
pyrolysis  products  consisted  primarily  of  propene,  C3H6 


Introduction 


Microelectronic  devices  based  on  gallium  arsenide  technology 
require  chemical  and  thermal  compatibility  of  the  metallization 
layers  with  the  substrate  Chemical  reactions  between  the  gallium 
arsenide  substrate  and  a  metallic  conductor  which  result  in 
degradation  of  the  interface  and  lead  ultimately  to  the  failure  of  the 
device  Such  reactions  are  accelerated  at  elevated  operating 
temperatures.  The  work  of  Williams  and  co-workers  has  led  to  the 
identification  of  the  transition  metals  which  are  chemically  inert  to 
group  lll-V  semiconductors  For  gallium  containing  semiconductors, 
only  tungsten  is  chemically  stable  toward  reactions  with  either 
gallium  or  arsenic.  [II  For  indium  containing  semiconductors, 
molybdenum,  osmium,  rhenium,  and  tantalum  can  be  added  to  the  list 
of  chemically  unreactive  conductors.  Comparing  the  resistivities  of 
these  five  metals,  tungsten  and  molybdenum  are  most  attractive 
candidates  for  metallization  as  they  offer  the  lowest  resistivities 
Of  the  competing  technologies  available  for  the  preparation  of 
thin  films  (e  g  sputtering,  molecular  beam  epitaxy,  MBE,  and 
chemical  vapor  deposition,  CVD)  ,  CVD  offers  advantages  in  conformal 
coverage  and  scale-up  of  the  process  over  the  other  deposition 
methods.  [21  Current  methods  for  CVD  of  Mo  and  W  using  volatile 
metal  halides  and  a  reducing  gas  such  as  hydrogen  or  silane  suffer 
from  the  flammability  of  the  reducing  gas  and  the  corrosive 
properties  of  the  transition  metal  halides  The  corrosivity  of 
hydrogen  halide  products  is  of  particular  concern  for  deposition  on 
lll/V  semiconductors.  [31  Films  prepared  from  tungsten  carbonyl. 
W(C0)6,  were  found  to  be  contaminated  with  carbon  and  oxygen, 
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requiring  a  high  temperature  anneal  (700'C)  to  reduce  tr,e  residua! 
contaminants  to  acceptable  levels  (eg  <0  1%  Oxygen)  >4j 

Organometaliic  compounds  with  carefully  selected  ligand  sets  are 
attractive  precursors  for  reducing  growth  temperatures  without 
sacrificing  purity  by  yielding  hydrocarbon  products,  exclusively,  upon 
pyrolysis.  The  search  for  alternate  precursors  is  limited  by  at  least 
two  criteria  the  source  reagent  must  be  sufficiently  volatile  to 
permit  transport  to  the  reactor  and  the  reagent  must  decompose  in 
the  reactor  to  yield  only  the  desired  element  [51  Successful 
application  of  homoleptic  ally!  complexes  of  rhodium,  indium,  and 
palladium  for  the  CVD  of  high  purity  thin  fiims  [lb,  6!  nad  been 
reported  and  prompted  the  present  investigation  of  W(n^-C3H5)4  ana 
Mo(ti3-C3H5)4  as  precursors  for  the  CVD  of  tungsten  and  molybdenum 
films.  W(r|3-C3H5)4  was  reported  to  react  with  hydrogen  at  60'C 
producing  tungsten  metal,  however,  purity  and  application  in  CVD  was 
not  reported  [7] 


Experimental 


Tetra(allyl)tungsten,  w(tj3~C3H5)4,  and  tetra(allyl)molybdenum, 
Mo(r)3-C3H5)4,  were  prepared  using  literature  procedures  [81  The 
deposition  apparatus  consisted  of  a  l"  0.  D  pyrex  tube  placed  in  a 
Lindbergh  tube  furnace  The  precursor  (0  25-05  g)  was  sublimed 
directly  into  the  hot  zone  under  vacuum  ( 10-20  mTorr)  Substrates 
were  supported  on  an  alumina  boat  inside  the  reactor  tube  Highly 
reflective  amorphous  films  were  deposited  on  pyrex  glass  and  silicon 
substrates  over  the  temperature  range  300-400*C  at  10-20  mTorr 
Pyrex  substrates  were  cleaned  with  hexane  prior  to  deposition  while 
the  silicon  substrates  were  rinsed  sequentially  with  dilute  HF  and 
distilled  water.  During  deposition  studies  oerformed  under  hydrogen, 
H2  was  leaked  into  the  reactor  through  a  needle  valve  The  reactor 
pressure  was  monitored  with  a  Welch  vacuum  gauge  (760  -10-3  Torr 
range). 

A  one  piece  glass  trap  was  constructed  with  ground  glass  joints 
and  two  stopcocks  to  allow  isolation  and  removal  of  the  trap  from  the 
pyrolysis  apparatus  After  deposition  of  a  metal  film,  the  trap  was 
removed  and  attached  to  a  vacuum  line  Solvent  (CDCI3  or  CgD6)  and 
the  contents  of  the  trap  were  vacuum  transferred  to  an  NMR  tube 
cooled  to  -196’C.  The  tube  was  flame  sealed,  thawed  and  analyzed  by 
1 H  NMR  spectroscopy.  Products  were  identified  by  comparison  of  the 
chemical  shifts  with  authentic  samples 


Results  and  Discussion 
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Dark,  reflective  films  were  deposited  from  M(q3-C3H5)4  on 
pyrex  glass  over  the  temperature  range  300-400'C  at  1-2  x  I0~2 
Torr  Below  250’C  for  tungsten  and  below  350'C  for  molybdenum,  no 
deposition  was  observed.  Some  of  the  tungsten  precursor  was 
recovered  from  the  walls  of  the  reactor  tube  at  the  exit  from  the 
furnace  at  250°C  and  identified  by  NMR.  [8!  Under  the  ultimate 
vacuum  attained  in  the  deposition  reactor  (I0'2  Torr),  the 
sublimation  of  the  precursors  was  accompanied  by  decomposition  to 
black  residues  in  the  sublimation  vessel.  The  films  were  found  to  be 
smooth,  featureless,  and  amorphous  by  scanning  electron  microscopy 
and  x-ray  diffraction,  respectively.  For  Rh,  lr  and  Pd  deposition  from 
homoleptic  ally!  derivatives,  reflective,  amorphous  films  were 
formed  on  pyrex  glass  substrates  Adhesion  of  the  films  was  judged 
to  be  good  based  on  the  Scotch  tape  test 

For  tungsten-containing  films  grown  under  vacuum,  growth  rates 
ranged  from  0.05-0  18  p/h  at  10-20  mTorr  (Table  1)  These  growth 
rates  were  similar  to  those  observed  for  deposition  of  Rh  (0  !5p/h) 
and  lr  (0.10  p/h)  from  the  corresponding  tns(allyl)  metal  complexes 
at  a  pressure  of  3-lOx  I0“2  Torr  [6b]  Auger  electron  spectroscopy 
of  the  films  revealed  approximately  40  atom  %  tungsten,  44  atom  % 
carbon,  10  atom  %  oxygen  and  6  atom  %  silicon  after  sputtering 
through  the  surface  layers  The  level  of  oxygen  contamination  was 
similar  to  the  10%  observed  in  WC  films  prepared  from 
(Me3CCH2)3VV=CCrie3,  despite  base  pressures  of  only  !0~2  Torr  and 
was  consistent  with  observations  with  other  CVD  precursors  [9]  The 
films  appeared  to  be  resistant  to  aqua  regia,  a  property  associated 
with  metal  carbides  [10]  Binding  energies  from  ESCA  analysis  were 
used  to  differentiate  between  metal,  metal  bound  oxygen,  and  metal 
bound  vs  free  carbon  For  a  tungsten  film  deposited  at  400’C  under 
vacuum,  electron  binding  energies  of  3  i  69  eV  (width  1.67  eV),  and 
33.78  eV  (width  1.44  eV)  were  observed  in  the  W(4f)  region  after 
sputtering  with  Ar*  Reported  binding  energies  for  tungsten  metal  are 
31.2  and  33  4  eV,  respectively  for  the  W(4f7/2>  and  W(4f5/2) 
electrons.  [11]  Binding  energies  of  31  77  and  33.91  eV  were  reported 
for  WC  prepared  by  the  CVD  from  (Me3CCH2>3W=CSiMe3  and  31  7  and 
33.9  eV  for  sputtered  WC,  suggesting  that  tungsten  carbides  were 
present  in  the  films  grown  from  W(g3-cjH5)4  19]  For  a  molybdenum 
film  deposited  at  350’C  under  vacuum,  an  electron  binding  energy  of 
228.7  eV  (width  1  60  eV)  was  observed  in  the  Mo(3d)  region  after 
sputtering  with  Ar*  Electron  binding  energies  for  Mo  metal  (Mo 
3d5/2)  were  reported  as  227  6  eV  [12]  A  molybdenum  evaporation 
boat  coated  with  carbon  paint  was  resistively  heated  to  generate  a 
thin  molybdenum  carbide  film.  An  electron  binding  energy  of  228  3  eV 
(width  1.60  eV)  was  observed  in  the  Mo(3d)  region  for  this  sample, 
suggesting  that  the  films  prepared  from  Mo(g3-C3H5>4  were  imanly 
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molybdenum  carbides.  The  observed  C  i  s  binding  energies  of  283  9  | 

(width  1  54.  eV)  and  283.6  eV  (width  1.77  eV),  for  W  and  Mo  films, 
respectively  were  consistent  with  the  presence  of  carbidic  carbon 

(283.7  eV  from  the  CVD  of  WC,  283  6  eV  fcr*  molybdenum  carbide  ■ 

prepared  as  above).  [9]  Some  graphitic  carbon  was  observed  at  285.0  I 

eV  (width  1.57  eV)  in  all  samples  {131  Four-point  sheet  resistivity  i 

measurements  of  the  tungsten-containing  films  indicated  that  the  * 

films  were  insulating  (p  >  106  pO-cm,  the  limit  of  the  apparatus)  f 

Slightly  better  success  was  achieved  in  the  deposition  of  , 

molybdenum  containing  films  from  Mo(r|3-C3H5)4  on  pyrex  and  silicon 

substrates,  although  higher  pyrolysis  temperatures  were  required  ' 

Sheet  resistance  measurements  (~10&  uO-cm)  were  approximately  ? 

six  orders  of  magnitude  greater  than  for  pure  molybdenum  (5  7  pO- 
cm).  Attempts  to  prepare  pure  metal  films  by  deposition  under 

hydrogen  yielded  metal  oxide  films.  The  latter  result  can  be  traced  to  1 

a  failure  to  scrub  the  hydrogen  carrier  gas. 


Table  I:  Characteristics  of  Tungsten  and  Molybdenum  Containing 
Films  on  Pyrex  Glass  Grown  From  M(n3~C3H5)4  (M=M o,  W) 

Growth  M  Ph2  Thickness  Growth  a  Resistivity  13 

Temp.  CC)  (mTorr)  p  Rate  (p/h)  p  (pO-cm) 


450 

Mo 

0 

0  72 

0.080 

5  1  x  1 06 

MO 

30 

0.14 

0.028 

8  4  x  103 

400 

W 

0 

1 .44 

0. 18 

insulating 

W 

30 

0  42 

0.052 

insulating 

MO 

0 

0  73 

0.080 

3.2  x  106 

MO 

30 

0.67 

0  1  1 

45  x  104 

350 

W 

0 

1.36 

0  14 

insulating 

Mo 

0 

0.46 

0.058 

insulat  ing 

300 

W 

0 

0  57 

0.057 

insulating 

W 

30 

0  33 

0.041 

1  0  x  106 

a.  from  SEM  measurement  of  thickness  as  a  function  of  time 

b.  four  point  measurement  o=Resistance  x  Area 


length 

The  volatile  products  from  the  deposition  reactions  using 
M(t)3-C3H5)4  precursors  were  trapped  at  -196’C  and  analyzed  by  1 H 
NMR  spectroscopy  In  all  cases,  propene  and  propane  were  the  major 
products,  accounting  for  >95%  of  the  products  Minor  amounts  of 
benzene,  ethylene  and  ethane  were  observed  Hexadienes  and  other  C& 
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products  were  not  detected.  The  ratio  of  C3  products  was  independent 
of  temperature  over  the  range  350-45CTC.  The  a&sence  of  C6 
hydrocarbon  products  argues  against  a  bond  homoiysis  pathway 
involving  the  intermediacy  of  allyl  radicals.  Pyrolysis  of 
(g3-C3H5)2Pd  produced  carbon-free  films  and  a  mixture  of  propene 
(67%)  and  hexadiene  (33%).  [6a]  The  formation  of  hexadiene  in  the 
latter  case  was  proposed  to  result  from  a  bond  homolysis  pathway 
involving  generation  of  allyl  radicals.  The  gas  phase  thermal 
decomposition  of  1 , l’-azo-2-propene  produced  I,  5-hexadiene  with 
less  than  0.1%  propene,  while  diene  products,  exclusively,  were 
observed  in  the  pyrolysis  of  three  isomeric  methylallyl  azo 
derivatives  (E,  E)-4,  4-azo-2-isobutene,  (Z,  Z)-4,  4'-azo-2-isobutene, 
and  3,  3'~azo-isobutane.  [14]  Generation  of  2-methylaMyl  radicals  by 
addition  of  H-  to  I,  3-butadiene  at  low  temperature  demonstrated 
that  allylic-al lylic  radical  reactions  occurred  exclusively  by 
combination  and  not  by  disproportionation  [15]  High  purity  HgTe  and 
rdTe  films  have  been  deposited  using  (gl-C3H5)2Te  [  1 6]  Coupling  of 
allyl  radicals  to  hexadiene  in  the  pyrolysis  of  both 
(n 1  -C3H5)N2(g  1 -C3H5)  and  (ti 1 -C3H5)2Te  was  the  dominant  reaction 
observed  upon  pyrolysis.  [17]  Carbon  rich  films  have  een  reported  in 
ZnSe  growth  using  <r\! -C3Hs)2Se  as  a  precursor  for  Se  [18]  in  the 
latter  case,  a  2:1  ratio  of  propene  to  hexadiene  was  observed  for  the 
volatile  products.  [17]  An  intramolecular  "ene"  type  pathway  was 
proposed  to  explain  the  high  carbon  content  of  the  pyrolysis  residues 
A  similar  pathway  was  used  to  rationalize  the  observation  of  propene 
and  oligomers  derived  from  CH2=CHC(S)H  in  the  pyrolysis  of 
di(allyl)sulfide  [19]  Based  on  these  data,  a  bond  homolysis  pathway 
appeared  to  correlate  with  primarily  C6  products  and  carbon-free  thin 
films. 

Three  alternative  pathways,  [5-hydride  elimination,  a-hydride 
eliminations  and  C-H  activation  of  vinylic  C-H  bonds,  were  considered 
to  account  for  the  observed  distribution  and  nature  of  the  volatile 
products  as  well  as  the  elemental  composition  of  the  films.  Thermal 
p-hydride  elimination  reactions  of  an  g3-a|iyi  ngand  was  recently 
demonstrated  in  the  formation  of  allene  and  propyne  complexes  upon 
heating  a  benzene  solution  of  Cp*2Ta(ri3-C3H5)  (reaction  1 )  [20]  The 
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absence  of  allene  and  propyne  in  our  pyrolysis  and  film  growth  studies 
using  argue  against  intramolecular  (5-hyonde 

elimination  pathways.  Furthermore,  p-hydride  elimination  pathways 
do  not  readily  account  for  the  formation  of  strong  metal  carbon  bonds 
implied  by  the  metal-bound  carbon  detected  in  the  films  Pathways 
involving  a-hydride  elimination  or  vinylic  C-H  activation  both 
increase  the  metal-carbon  bond  order  are  tentatively  proposed  to 
account  for  the  observed  analytical  results  on  the  Mo  and  W  containing 
films  (reactions  2  and  3).  Stable  tungsten  alkylidene  and 
propadienylidene  complexes  (e.  g  (C0)5W=C=C=CR2  for  R=’Pr,  t-Bu, 

Ph)  are  known  121]  The  'h  NMR  spectrum  of  M(g3~C3H5)4  1S 
consistent  with  unsymmetncally  bound  allyl  ligands  [8] 

Decomposition  pathways  involving  activation  of  the  vinylic  C-H  bonds 
of  the  allyl  group  and  hydrogen  migration  may  generate  a 
metallocyclobutene  with  a  W=C  bond  (reaction  3)  Tungsten 
metal locycifcs  ana  alkylidene  compounds  are  well  documented  [22] 
Further  experiments  directed  toward  understanding  the  pyrolysis 
pathways  for  metal  allyl  complexes  and  their  role  in  forming  carpon 
impurities  in  metal  films  are  in  progress. 
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The  chemical  Vapor  Deposition  of  Pure  Nickel  and  Nickel 
Boride  Thin  Films  From  Borane  Cluster  compounds 
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ABSTRACT 

Several  borane  cluster  compounds,  such  as  pentaborane(9)  and  their  corresponding 
metal  complexes  have  been  investigated  in  our  laboratory  for  their  utility  as  unique  source 
materials  for  synthesizing  metal/metal  boride  thin  films  by  MOCVD.  In  this  paper  we  report 
the  preparation  of  thin  films  of  nickel  boride  from  the  thermal  decomposition  of  nido- 
pentaborane(9)  in  the  presence  of  anhydrous  nickel  chloride  IN1CI2I  in  the  vapor  phase. 
Crystalline  nickel  boride  thin  films  of  controlled  composition  ranging  from  0. 1  to  several 
microns  have  been  readily  prepared  by  controlling  the  temperature  and  the  flow  rate  of  the 
pentaborane(9)  into  the  reaction  chamber.  The  nickel  boride  films  on  GaAs  were  thermally 
annealed  to  form  the  NbBj  phase  as  hexagonal  crystals  in  a  NhB  matrix.  These  films  have 
been  characterized  by  AA,  AES,  EDXA,  SEM,  XRD  and  electron  diffraction.  The  phases 
were  determined  primarily  by  X-ray  and  electron  diffraction  experiments. 

INTRODUCTION 

The  formation  of  high  purity  metal  boride  thin  films,  such  as  nickel  boride,  in  a 
controlled  stoichiometric  fashion  has  received  considerable  interest  primarily  due  to  the  variety 
and  importance  of  the  applications  of  these  materials  {1 1.  The  fundamental  interest  in  the 
preparation,  theoretical  modelling  and  solid  state  characteristics  of  these  metal  borides  arises 
both  from  their  unique  physical  properties  among  solid  state  materials  and  to  their  wide 
structural  diversity.  Metal  borides  are  typically  extremely  refractory  materials  with  melting 
points  frequently  far  in  excess  of  pure  metal  or  other  metal  binary  systems.  These  metal 
borides  are  also  exceptionally  hard  materials  which  are  not  significantly  affected  even  in  the 
most  rigorous  of  chemical  environments.  The  transition  and  lanthanide  metal  borides  are 
typically  rather  good  electrical  conductors  with  some  displaying  superconducting  properties  at 
low  temperatures.  Finally,  the  incorporation  of  boron  in  metal  films,  especially  nickel,  has 
been  shown  to  greatly  enhance  the  strength  and  hardness  of  the  alloy  (13|.  Thus,  metal 
borides  have  found  increased  use  in  not  only  traditional  applications  such  as  hard  coatings  for 
cutting  tools  (3-61  but  also  in  thermally  and  chemically  taxed  aerospace  components,  high- 
energy  optical  systems  [7]  and  as  new  magnetic  materials  [8- 12|.  Relatively  strain-free  nickel 
boride  thin  films  have  been  prepared  previously  from  the  pyrolytic  chemical  vapor  deposition 
of  mixtures  of  nickel  tctracarbonyl,  diborane,  and  carbon  monoxide  in  an  inert  carrier  16.1 3 1. 
The  intrinsic  difficulties  in  this  process  arise  from  the  use  of  both  nickel  tctracarbonyl  and 
diborane  which  are  relatively  expensive  and  extremely  toxic  and  flammable  reagents. 
Alternative  methods  for  the  facile  preparation  of  metal  boride  thin  films  of  controlled 
stoichiometry  which  do  not  rely  upon  these  precursors  is  therefore  of  importance. 

Numerous  techniques  have  been  studied  for  the  preparation  of  these  materials 
including  molecular  beam  epitaxy  (MBE),  sputtering  and  chemical  vapor  deposition  (CVD) . 
The  control  of  the  stoichiometry  in  multicomponent  films  prepared  by  chemical  vapor 
deposition  techniques  has  relied  on  vary  ing  the  ratio  of  source  compounds  in  the 

vapor  phase.  These  source  materials  typically  deposit  at  significantly  different  rates  on  the 
substrate  at  a  given  temperature,  often  making  the  formation  of  a  homogeneous  film  difficult. 
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The  formation  of  metallic  thin-films  with  varying  boron  content  has  recently  been  explored 
using  the  borane  polyhedral  cluster-assisted  deposition  process  (CAD)  1 14,15).  Through  the 
use  of  this  borane  cluster  chemical  transport  and  deposition  process,  films  ranging  in 
thickness  from  0. 1  micron  to  several  microns  have  been  readily  prepared  with  controlled 
composition.  This  technique  has  been  shown  to  be  generally  applicable  to  the  formation  of  a 
variety  of  metal  boride  materials  including  members  of  both  the  transition  and  lanthanide  metal 
series. 

In  this  paper  we  report  the  preparation  of  nickel  boride  thin  films  using  the  cluster 
assisted  deposition  technique  from  the  thermal  decomposition  of  mTfo-pentaborane(9)  in  the 
presence  of  anhydrous  nickel  chloride  (NiChl  in  the  vapor  phase.  These  films  have  been 
characterized  by  AA,  AES,  EDXA,  SEM,  XRD  and  electron  diffraction.  The  initially  formed 
nickel  boride  films  were  annealed  to  form  the  N17B3  phase  as  hexagonal  crystals  in  a  NijB 
matrix.  Finally,  we  report  the  identification  the  phases  present  in  the  nickel  boride  films  in 
both  the  as-deposited  and  annealed  films  by  X-ray  and  electron  diffraction  experiments. 

EXPERIMENTAL 

Materials.  Pentaborane(9)  was  from  our  laboratory  stock.  Decaborane(14)  was 
obtained  from  the  Gallery  Chemical  Company  and  sublimed  under  vacuum  prior  to  use.  The 
anhydrous  nickel(ll)chloride  (99%)  and  the  standard  solutions  for  atomic  absorption 
spectrophotometry  were  used  as  received  from  the  Strem  Chemical  Company  and  the  Aldrich 
Chemical  Company,  respectively. 

Thin  Film  Formation.  The  nickel  boride  thin  films  were  prepared  by  the 
application  of  a  vapor  phase  borane  cluster-assisted  deposition  technique  1 1 4, 1 5).  in  the 
experiment,  using  inert  atmosphere  techniques  j 16),  1.0  g  (17  mmol)  of  anhydrous  (99%) 
nicke!(II)chloride  was  placed  in  a  quartz  boat  in  the  quartz  reaction  chamber  shown 
schematically  in  Figure  1 .  A  flask  containing  several  grams  of  neat  pentaborane(9)  liquid  at 
room  temperature,  B5H9,  was  connected 

Figure  1.  Apparatus  for  the  Preparation  of  Nickel  Boride  Thin  Films  (15). 
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to  the  reactor  (pentaborane  vapor  pressure  at  25°C  =  209  Torr  1 1 6|).  The  pentaborane 
reservoir  flask  was  maintained  at  -78°  C  during  the  entire  experiment  by  use  of  an  external 
constant  temperature  bath  jacketing  the  flask  (acetone/dry  ice).  The  entire  apparatus,  including 
the  flask  containing  the  pentaborane(9),  was  evacuated  for  15  min.,  during  which  time  a 
vacuum  of  1  x  10-5  Torr  was  achieved.  The  reactor  was  slowly  heated  to  555°C  under 
dynamic  vacuum.  After  obtaining  a  stable  temperature,  the  stopcock  to  the  pentaborane(9) 
flask  was  opened  slightly  to  allow  a  vapor  of  the  borane  to  pass  over  the  hot  N1Q2  while 
under  dynamic  vacuum  conditions.  The  unreacted  pentaborane(9)  and  other  reaction 
byproducts  were  trapped  downstream  in  a  liquid  nitrogen-cooled  trap.  The  deposition  was 
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continued  for  1  to  3  hours,  during  which  time  the  formation  of  a  mirror-line  thin  film  was 
observed  to  coat  the  walls  of  the  reactor  and  the  deposition  substrates  held  above  the  NiCh 
boat  (Figure  1).  The  stopcock  to  the  borane  flask  was  then  closed  and  the  reactor  was 
allowed  to  cool  slowly  to  room  temperature.  The  reactor  was  filled  with  dry  nitrogen  and  the 
film  was  removed  from  the  reactor  for  further  study.  Free  standing  (substrate-free)  films 
were  obtained  from  the  walls  of  the  reactor  and  was  found  to  be  very  reflective,  flexible  and 
strong  materials.  Film  compositions  ranging  from  54%  to  99%  nickel  have  been  prepared 
from  these  experiments.  EDXA  analysis  showed  that  the  film  contained  no  chloride  or  other 
heavy  element  contaminations.  Auger  electron  spectroscopy  further  showed  that  the  film 
contained  only  nickel  and  boron.  A  scanning  electron  micrograph  of  a  typical  nickel  bonde 
film  is  shown  in  Figure  2.  Similar  results  were  obtained  using  decaborane(!4)  J  15a,d}- 

Pentaborane(9)  has  'he  advantage  of  being  a  highly  volatile  liquid  and  can  therefore  be 
more  easily  controlled  in  a  flow  system  than  the  previously  used  decaborane(14)  cluster 
Decaborane(  14),  however,  has  the  advantage  of  being  an  air-stable  materia!  at  room 
temperature  while  pcntaborane(9)  reacts  violently  with  air. 

RESULTS  AND  DISCUSSION 

The  nickel  boride  thin  films  formed  from  the  thermal  reaction  of  NiClj  with  boron 
hydrides  using  the  cluster-assisted  deposition  process  produces  uniform  (AES  depth  profiling 
(15)),  conformal  thin  film  materials.  The  films  prepared  in  this  work  from  the  pcniaborane(9) 
cluster  and  NiCb  were  formed  either  adhered  to  various  substrates,  such  as  copper,  SiO?, 
GaAs  or  pyrex,  or  as  a  free-standing  (substraie-free)  material.  The  as-deposited  films  were 
found  to  be  primarily  Ni3B  by  a  comparison  of  the  X-ray  diffraction  data  for  the  films  and  the 
previously  reported  data  for  the  known  nickel  boride  phases  (Table  1).  Typical  scanning 
electron  micrographs,  Figure  2A,  showed  that  the  films  were  relatively  uniform  materials 
which  displayed  relatively  small  surface  voids.  The  reportea  structure  for  both  NijB  (and 
N17B3),  shown  in  Figure  2B,  consists  of  isolated  boron  atoms  at  the  center  of  tricapped 


H  1 .0  pm 


Figure  2.  A.  Scanning  electron  micrograph  of  a  nickel  boride  film  (NijB)  deposited  at 

555°C  on  a  quart?,  substrate  from  anhydrous  NiCI;  and  Pentaborane(9)  in  vacuum.  B 
Structure  of  nickel  boride  JNij  11  and  Ni7B3j,  The  shaded  sphere  is  a  boron  atom  ar> 
the  open  spheres  are  nickel  atoms  (trigonal  prismatic  arrangement). 
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trigonal  prisms  of  metal  atoms  [17,181.  Upon  annealing,  significant  crystalline  modifications  I 

occur.  After  the  annealing  process,  perfect  hexagonal  crystallites  were  observed  embedded  in  ; 

a  rather  uniform,  conformal  matrix  (Figure  3).  X-ray  diffraction  experiments  show  that  the  1 

bulk  of  the  sample  consisted  of  the  N13B  and  NEBj  phases  with  experimental  data  identical  to  " 

the  literature  data  (Table  I).  In  order  to  establish  the  phase  identity  of  these  hexagonal  t 

crystallites,  however,  electron  diffraction  experiments  of  the  crystals  were  undertaken.  A  t 

"close-up"  scanning  electron  micrograph  view  and  the  corres-ponding  electron  diffraction  f 


pattern  for  a  typical  hexagonal  crystallite  are  shown  in  Figure  4.  A  comparison  of  the  electron 
diffraction  data  with  the  known  data  for  the  nickel  boride  phases  clearly  identified  the 
hexagonal  crystalline  modification  as  the  N^Bj  phase.  This  phase  apparently  grew  from  the 
Ni3B  matrix  during  the  high  temperature  annealing  process. 


Table  1.  Crystallographic  Data  for  Selected  Nickel-Boron  Phases. 


Phase/ 
Unit  Cell 

Space 

Group/ 

Struct. 

Type 

a,  A 

b,  A 

C,  A 

other 

Intense  Reflections 

Ref. 

i 

l 

\ 

Ni 

Cubic 

Em  3m 
fee 

3.5238 

d=2.03,  28=44.64,  1/1,-100 
d=1.76,  28=51.95,  1/I,=42 
d=1.25,  28=76.15,  I/l,=21 

19 

t 

N13B 

Ortho¬ 

rhombic 

Pbnm 

E43C 

5.211 

6.619 

4.389 

d=2.35,  28=38.30,  I/l,=100 
d=2.12,  28=42.65,  I/l,=80 
d=1.97,  28=46.07,  1/I,=80 
d=3.3l,  20=26.94,  I/I, =20 

17,18 

l 

} 

Ni2B 

Tetragonal 

14/mcm 

CuA12 

4.993 

4.249 

d=1.98,  20=45.83,  I/I,  =  100 
d=2.50,  28=35.92,  I/l,=24 
d=2. 13,  28=42.44.  I/I, =22 
d=3.54,  28=25.16,  I/I,=9 

2  6. 

14, 

N14B3 

Ortho¬ 

rhombic 

Pbnm 

0-N14B3 

11.953  2.981 

6.569 

d=2.07,  28=43.73,  5/I,=100 
d=2.47,  20=36.37,  I/I,=80 
d=2.25,  28=40.07, 1/I,=80 
d=5.97,  28=14.84,  I/l,=20 

2-5 

Ni4B3 

Monoclinic 

C2/c 

m-NUB3 

6.430 

4.882 

7.818 

P=  d=2.18,  28=41.42,  1/1i=100 
103.18  d=2.05,  28=44.18,  l/l,=100 
d=1.92,  28=47.34,  1/1, =100 
d=3.85,  28=23.10,  I/l,=40 

2-5 

M7B3 

Hexagonal 

P63/mmc  6.96 

4.38 

c:a  = 
0.629 

d=6.036,  hkl=100 
d=3.550,  hkl=101 
d=3.485,  hkl=l  10 
d=3.018,  hkl=200 

20 

NiB 

Rhombic 

Pbnm 

FeB 

2.925 

7.396 

2.966 

d=2.31,  28=33,99,  I/I, =100 
d=2.72,  28=32.93,  1/1,=74 

7 

d=1.86,  28=48.97,  I/I,  =68 
d=3.68,  20=24.18,  1/1]= 16 
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A.  H  1.0  pm  B.  M  10.0  pm 

Figure  3.  Scanning  electron  micrograph  of  annealed  nickel  boride  films  deposited  from 
anhydrous  NiCl2  and  Pentaborane(9)  in  vacuum  at  555DC  and  annealed  at  830°C  for 
38  h.  A.  Film  deposited  on  gallium  arsenide  showing  the  large  fused  crystallites  if 
N17B3.  B  Film  deposited  on  quartz  showing  the  hexagonal  crystals  of  N17B3 
embedded  in  the  N13B  matrix. 


A.  I — 1 1 .0  pm  B. 

Figure  4.  A.  Scanning  electron  micrograph  of  a  hexagonal  crystal  of  nickel  boride  (N^Bs) 
deposited  from  anhydrous  NiCl2  and  penlaborane(9)  in  vacuum  at  555°C  and  annealed 
at  830“C  for  38  h  on  a  quartz  substrate.  B.  Electron  diffraction  pattern  from  the  crystal 
shown  in  the  SEM  micrograph.  The  planes  for  the  diffraction  pattern  are  in  the  (001) 
zone. 
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DEPOSITION  OF  TUNGSTEN  NITRIDE  THIN  FILMS  FROM  (‘BuN)2W(NH,Bu)I 
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ABSTRACT 

The  possibility  of  growing  tungsten  nitride  thin  films  from  (tBuN)2W(NH1Bu)2,  a 
single-source  molecular  precursor  with  two  nitrogen  to  tungsten  double  bonds,  by  low 
pressure  chemical  vapor  deposition  (LPCVD)  was  investigated.  Deposition  of  thin  films 
on  silicon  and  glass  substrates  was  carried  out  at  temperatures  500  -  650  °C  in  a  cold-wall 
reactor  while  the  precursor  was  vaporized  at  60  -  100  °C.  Elemental  composition  of  the 
thin  films,  studied  by  wavelength  dispersive  spectroscopy  (WDS),  is  best  described  as 
WNX  (x  =  0.8  -  1.8).  Elemental  distribution  within  the  films,  studied  by  Auger  depth 

profiling,  is  uniform.  X-ray  diffraction  (XRD)  studies  show  that  the  films  have  a  cubic 
structure  with  a  lattice  parameter  a  =  4.14  -  4.18  A.  A  stoichiometric  WN  thin  film  has  a 
lattice  parameter  a  equal  to  4.154  A.  Volatile  products,  trapped  at  -196°C,  were 
analyzed  by  nuclear  magnetic  resonance  (NMR)  and  gas  chromatography-mass 
spectrometry  (GC-MS).  Isobutylene,  acetonitrile,  hydrogen  cyanide  and  ammonia  were 
detected  in  the  condensable  mixtures. 


INTRODUCTION 

There  are  many  transition  metal  nitrides  possessing  interesting  mechanical  and 
electrical  properties  [1].  Many  of  them  are  potentially  useful  interconnect  materials  for 
diffusion  barriers  and  gates  in  vary  large  scale  integrated  circuits  (VLSI)  (2).  Growing  the 
thin  films  of  these  materials  by  conventional  chemical  vapor  deposition  (CVD)  usually 
requires  high  temperatures  (  >  1000  °C)  when  metal  halides  and  ammonia  /  hydrogen  or 
nitrogen  /  hydrogen  mixtures  are  employed  as  the  precursors.  Thus,  their  usefulness  is 
severely  limited.  On  the  other  hand,  there  are  many  interests  in  the  deposition  of  mixed- 
element  thin  films  from  single-source  precursors,  molecules  having  all  of  the  desirable 
elements.  Usually,  metallo-organic  compounds  are  employed  here  as  the  precursors  to 
grow  thin  films  at  temperatures  much  lower  than  the  ones  recorded  previously.  For 
example,  metal  carbides  and  oxides,  such  as  TiC,  WC,  Si02,  and  Ti02,  have  been 
deposited  successfully  into  thin  films  by  this  route  using  Ti(CH2'Bu)4,  (lBuCH2)3W= 
C*Bu,  Si(OEt)4,  and  Ti(0>Pr)4,  respectively  [3  -  6].  Previously,  our  laboratory  has  shown 
that  an  ethylimido  tantalum  complex,  (Et2N)3Ta=NEt,  can  be  used  to  deposit  poly- 
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crystalline  cubic  TaN  thin  films  at  relatively  low  temperatures  500  -  650  °C,  with  minor 
carbon  incorporation  [7].  In  order  to  test  whether  it  is  a  general  route  to  metal  nitrides  by 
using  metal  imido  complexes  as  the  precursors, 

we  performed  the  following  metallo-organic  'BuN^  ^  NH'Bu 

chemical  vapor  deposition  (MOCVD)  experi- 

ments  employing  another  metal-imido  complex,  ’BuN  NH'Bu 

(‘BuN)2W(NH'Bu)2,  1,  as  the  precursor. 

Our  observations  are  reported  below.  1 

EXPERIMENTAL 

('BuN^WfNH'BuJj  was  synthesized  and  purified  according  to  a  procedure 
described  by  Nugent  [8].  Deposition  of  thin  films  on  silicon  and  glass  substrates  was 
performed  in  a  low-pressure  cold-wall  reactor  at  temperatures  500  -  650  °C  while  the 
precursor  was  vaporized  into  the  reactor  at  60  -  100  °C.  Argon  or  hydrogen  flowing  at  10 
seem  was  used  as  the  carrier  gas  to  assist  the  CVD  process  while  the  pressure  was  around 
0.5  torr.  The  films  were  analyzed  by  scanning  electron  microscopy  (SEM),  wavelength 
dispersive  spectroscopy  (WDS),  X-ray  diffraction  (XRD),  and  Auger  electron 
spectroscopy  (AES).  An  U-trap  was  placed  between  the  reactor  and  the  pump  to  trap 
condensable  gas  phase  products  at  -196  °C.  These  products  were  analyzed  by  nuclear 
magnetic  resonance  (NMR)  and  gas  chromatography-mass  spectrometry  (GC-MS). 


RESULTS  AND  DISSCUSSION 

('BuN)2W(NHlBu)2  is  a  solid  com¬ 
pound  at  room  temperature  and  has 
sufficient  volatility  when  sublimed  under 
vacuum.  Thus,  it  is  suitable  for  low  pressure 
MOCVD  studies.  Uniform  gray  and  metal¬ 
lic  shining  thin  films  were  grown  on  Si(100), 
Si(lll)  and  glass  substrates  at  temperatures 
exceeding  500  °C.  The  scanning  electron 
micrograph  of  a  typical  thin  film  is  shown  in 
Fig.  1.  The  growth  rates  of  the  thin  films, 
estimated  from  the  thickness,  were  20-100 

o 

A/min.  Some  films  on  silicon  substrates  did 
not  adhere  well.  This  problem  was  proba¬ 
bly  due  to  a  large  mismatch  of  lattice 


Figure  1  Scanning  electron  micrograph 
of  a  thin  film 
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parameters  between  the  substrates  and  the  thin  films  (a$i  =  5.43  A,  alhin  p!m  =  4.14  - 
4.18  A..  See  below  for  the  thin  film  characterization). 

The  XRD  pattern  of  a  thin  film,  deposited  at  600  °C  using  hydrogen  as  the  carrier 
gas  and  annealed  at  the  same  temperature  for  1  h,  is  shown  in  Fig.  2.  It  shows  major  Cu 
Ka  peaks  at  angles  20  equal  to  37.42°,  43.54°,  63.32°,  and  75.75°.  These  peaks  are 

O 

characteristic  of  a  cubic  structure,  a  =  4.154  A,  and  are  assignable  to  (1 1 1),  (200),  (220), 
and  (311)  diffractions,  respectively.  Although  the  pattern  does  not  match  that  of  any 
known  tungsten  nitride  or  tungsten  carbide  phase  exactly,  it  is  close  to  the  diffraction 
pattern  of  (S  -WjN,  a  =  4.126  A,  which  shows  (111),  (200),  (220),  and  (311)  reflections 

at  37.73°,  43.85°,  63.73°,  and  76.51°,  respectively  [9j.  Lattice  parameter  of  the  thin  films 
versus  the  temperature  of  deposition  is  shown  in  Fig,  3.  In  Fig.  4,  N/W  and  C/W  ratios  of 


Figure  3 

Effect  of  temperature  of 
deposition  on  lattice 
parameter 
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Figure  4 

Effect  of  temperature  of 
deposition  on  N/W  and 
C/W  ratios 


the  thin  films,  derived  from  WDS  studies,  are  plotted  against  the  temperature  of 
deposition.  Figs.  3  and  4  indicate  that  with  increasing  temperature  of  deposition,  both 
the  N/W  ratio  and  the  lattice  parameter  of  the  films  decreased.  Also,  it  is  clear  that  the 
lattice  parameter  decreased  with  decreasing  N/W  ratio.  As  shown  in  Fig.  4,  it  appears 
that  the  films  deposited  using  hydrogen  as  the  carrier  gas  contain  less  carbon.  Reduction 
of  carbon  concentration  in  tungsten  carbide  by  hydrogen  has  been  reported  [10].  Auger 
depth  profile  of  a  thin  film,  shown  in  Fig.  5,  indicates  that  the  concentrations  of  tungsten, 
nitrogen,  carbon,  and  oxygen  on  the  surface  were  35%,  27%,  6%,  and  26%,  respectively. 
After  several  hundred  angstroms  were  removed  by  sputtering,  uniform  distribution  of  the 
elements  within  the  film  is  observed.  The  elemental  concentrations  in  the  bulk  obtained 
here  does  not  agree  with  those  found  by  WDS.  This  is  attributed  to  the  preferential 
sputtering  and  has  been  observed  for  other  early  transition  metal  nitride  thin  films  [11], 


Figure  5 

Auger  depth  profile  of  a 
thin  film 
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Volatile  products,  condensed  at  -196  °C,  were  analyzed  by  NMR  and  GC-MS. 
The  major  constituent  being  identified  is  isobutylene.  Other  gases  including  acetonitrile, 
hydrogen  cyanide,  and  ammonia  were  identified  also.  Detection  of  noncondensable 
gases,  such  as  hydrogen,  nitrogen,  and  methane,  was  attempted  by  installing  a  pressure 
gauge  between  the  U-trap  and  the  pump,  in  the  deposition  experiments  conducted 
without  passing  any  carrier  gas,  a  pressure  increase  was  observed  by  this  gauge,  indi¬ 
cating  that  the  evolution  of  hydrogen,  nitrogen  or  methane  is  possible.  Based  on  these 
observations,  we  speculate  that  in  the  thermal  decomposition  of  ('BuN^WfNH'Bu)^, 

tertbutyl  groups  were  removed  as  isobutylene.  The  mechanism  might  be  a  V-hydrogen 
elimination  process  followed  by  carbon-nitrogen  bond  cleavage.  Acetonitrile,  hydrogen 
cyanide,  and  possibly  methane  might  be  generated  through  a  (j  -methyl  activation  process 
which  is  also  responsible  for  the  incorporation  of  carbon  into  the  films. 

In  conclusion,  this  preliminary  study  has  shown  that  ('BuN^WfNH'Bujj  ,  a 

bisimido  tungsten  complex,  can  be  utilized  as  a  single-source  precursor  to  grow  cubic 
tungsten  nitride  thin  films,  having  the  composition  WNX  (x  =  0.8  -  1.8),  by  low  pressure 

MOCVD.  The  N/W  ratio  and  the  lattice  parameter  are  affected  by  the  temperature  of 
deposition.  Using  hydrogen  as  the  carrier  gas  can  reduce  the  incorporation  of  carbon 
significantly. 
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University,  Blacksburg,  VA  24061 


ABSTRACT 

Excellent  quality  ZrOj  thin  films  were  successfully  deposited  on  single  crystal 
silicon  wafers  by  metalorgamc  chemical  vapor  deposition  (MOCVD)  at  reduced 
pressures  using  tetrakis(2,2,6,6-tetramethyI-3,5-heptanedionato)  zirconium, 
[Zt(th.d)4].  For  substrate  temperatures  below  530°C,  the  film  deposition  rates  were 
very  small  (<  1  nm/min)  The  film  deposition  rates  were  significantly  affected  by:  (1) 
source  temperature,  (2)  substrate  temperature,  and  (3)  total  pressure.  As-deposited 
films  are  stoichiometric  (Zr/O  =  1/2)  and  carbon  free.  Furthermore,  only  the 
tetragonal  Zr02  phase  was  identified  in  as— deposited  films.  The  tetragonal  phase 
transformed  progressively  into  the  monoclinic  phase  as  the  films  were  subjected  to  high 
temperature  post-deposition  annealing  The  optical  properties  of  the  Zr02  thin  films 
as  a  function  of  wavelength,  in  the  range  of  200  nm  to  2000  nm,  are  reported.  The 
measured  value  of  the  dielectric  constant  of  the  as-deposited  Zr02  films  is  around  19 
in  the  frequency  range  of  5  kHz  to  1000  kHz. 


INTRODUCTION 

Zr02  thin  films,  due  to  their  variety  of  applications,  are  of  considerable  interest. 
For  example,  Zr02  films  were  utilized  as  thermal  barrier  coatings,  buffer  layers  for  the 
growth  of  high  Tc  superconducting  thin  films,  and  in  high— temperature  optical  filters. 
Many  different  methods,  such  as  reactive  electron  beam  evaporation  [1 J,  dc  and  rf 
magnetron  sputtering  [2],  and  chemical  vapor  deposition  (CVD)  (3),  have  been 
employed  for  the  fabrication  of  Zr02  thin  films.  Among  these  techniques,  CVD  seems 
to  be  a  very  promising  and  compatible  method  for  electronic  and  optical  device 
applications.  The  primary  issue  of  CVD  Zr02  thin  films  is  the  identification  of  a  good 
precursor.  ZrCW,  which  was  first  used  as  a  precursor  for  CVD  ZrC>2,  requires  very  high 
deposition  temperatures  (>  800°C)  and  could  result  in  the  formation  of  fine  powders 
[4].  The  organometallic  alkoxides  such  as  zirconium  i-propoxide,  Zr(OPri)4,  and 
zirconium  t— butoxide,  Zr(OBu<-)4,  are  also  not  suitable  as  precursors  due  to  their 
instabilities  |4].  However,  zirconium  acetylacetonates  appear  to  be  most  suitable 
precursors  for  Zr02  deposition.  Use  of  zirconium  trifluroacetylacetonate, 
Zr(C5H4F302)4,  for  MOCVD  of  ZrOj  films  was  reported  earlier  by  our  research  group 
[4].  Although  good  quality  ZrOj  films  were  obtained  using  zirconium 
trifluroacetylacetonate,  the  process  parameter  space  is  limited  due  to  the  possible 
fluorine  contamination.  Here  we  report  on  the  use  of  an  acetylacetonate  without 
fluorine,  namely,  [Zr(thd)4]  for  the  deposition  of  excellent  quality  Zr02  films. 


EXPERIMENTAL  PROCEDURE 

Zr02  thin  films  were  deposited  in  a  reactor  which  was  described  in  a  previous 
paper  [41.  Depositions  were  carried  out  at  reduced  pressures  (4  to  10  torr).  Zr(thd)4 
was  usea  as  the  precursor  and  the  precursor  temperature  was  varied  from  230  to  240°C 
The  substrate  temperature  was  also  varied  from  540  to  575“C.  The  precursor  was 
carried  by  oxygen  carrier  gas  into  the  reaction  chamber.  The  film  thicknesses  were 
measured  at  the  center  of  the  silicon  wafer  by  an  ellipsometer  at  a  wavelength  of  632,8 
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nm.  The  films  were  also  characterized  by  scanning  electron  microscopy  (SEM)  and 
electron  spectroscopy  for  chemical  analysis  (ESCA)  for  surface  morphology  and 
stoichiometry,  respectively.  Roth  X-ray  diffraction  and  Fourier  transform  infrared 
(FTIR)  spectrometer  were  used  for  phase  identification.  Optical  transmission  spectra 
of  the  films  in  the  range  of  2(10  nm  to  2000  nm  were  obtained  by  an  UV— VIS-NTR 
spectrophotometer.  For  the  dielectric  property  measurement,  Zr02  thin  Dim  was 
deposited  on  the  platinum-coated  Si  substrate  and  contacted  with  2 .14  x  10  4  cm2 
palladium  electrodes.  The  dielectric  constant  was  calculated  from  the  film  thickness 
and  capacitance. 


RESULTS  AND  DISCUSSION 
Deposition  Behavior 

In  order  to  determine  the  precursor  volatilization  temperature,  the  precursor, 
Zr(thd)r,  was  characterized  by  thermogravimetric  analysis  (TGA).  Fig.  1  shows  the 
TGA  spectrum  of  the  precursor  at  heating  rate  of  10°C/min  in  flowing  nitrogen.  As 
can  be  seen  from  Fig.  1,  the  precursor  starts  to  lose  weight  around  200°C.  In  order  to 
have  desirable  vapor  pressure,  source  temperatures  in  the  range  of  230  to  240°C  were 
used  for  this  study  The  amount  of  source  materials  transported  to  the  reactor  can  be 
controlled  by  adjusting  the  source  temperature  and  the  carrier  gas  flow  rate  In  the 
range  of  experimental  parameters  investigated,  source  temperature,  substrate 
temperature,  and  total  pressure,  were  found  to  have  significant  effects  on  the  Dim 
deposition  rate.  Fig.  2  shows  the  variation  of  the  deposition  rate  with  the  substrate 
temperature  at  source  temperatures  of  2300C  and  240CC,  at  a  pressure  of  6  torr  The 
deposition  rate  increased  with  increasing  substrate  temperature  and  source 
temperature  (Fig.  2).  It  was  also  found  that  the  deposition  rate  increased  with 
increasing  total  pressure,  as  can  be  seen  in  Fig.  3.  Therefore,  the  deposition  rate  of 
Zr02  thin  Dims  using  Zr(thd)i  can  be  easily  controlled  (from  6  to  18  nm/min)  by 
adjusting  the  above  parameters 


Surface  Morphology  and  Composition 

As— deposited  MOCVD  Zr02  thin  Dims  were  specular,  crack-free,  and  adhered 
well  to  the  substrates.  The  asAieposited  thin  Dims  were  featureless  under  SEM 
examination.  Fig.  4  shows  the  surface  morphology  of  the  MOCVD  Zr02  film  which 
was  annealed  at  1000?C  for  one  hour  The  average  grain  size  was  estimated  to  be 
around  100  nm  in  this  annealed  sample 

The  ESCA  spectra  of  the  Dim  before  and  after  Ove  minutes  of  argon  sputtering 
are  illustrated  in  Fig.  5.  The  carbon  peak  in  Fig.  5(a)  was  due  to  carbon  adsorption  on 
the  sample  surface  After  five  minutes  of  ion  sputtering,  only  Zr  and  O  peaks  were 
observed  (Fig  5(b)).  This  indicates  that  the  carbon  convent  Ul  blvo  UiUik  *•>  beiow  the 
ESCA  detectable  limit.  Fig.  6.  shows  the  narrow  scans  of  Zr3,t  and  0,s  peaks  for  an 
as-deposited  specimen.  From  the  presence  of  Zr-3d  peak  at  181.7  eV,  we  have 
concluded  that  the  oxidation  state  of  Zr  is  4+.  Quantitative  analysis  of  ESCA  data 
(Fig.  6)  indicated  that  the  film  is  stoichiometric  Zr02  (Zr/O  ratio  =  1/2). 


Phase  Identification  of  ZrO-,  Thin  Films 

Fig.  7  displays  the  X-ray  diffraction  patterns  for  the  Zr02  thin  film  as  a  function 
of  post— deposition  annealing  temperature.  Only  the  tetragonal  phase  was  identified  in 
the  as— deposited  thin  film,  while  the  formation  of  the  monoclimc  phase  was  noted  in 
the  sample  which  was  annealed  at  600°C.  After  the  sample  was  subjected  to  a  high 
temperature  (1000°C)  heat  treatment,  it  was  found  that  the  monoclinic  phase  was  the 
major  phase  in  the  thin  film. 


Z.-3d ,/, 
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Fig.  5.  ESCA  Spectra  of  ZrO: 
Film  (a)  Before  Sputtering 
(b)  Alter  Sputtering 


T  .  Tetragor.i] 

M  Monodimc 

M!20:'+T 

M 

.  I0006c 


30  3  5 


Fig-  6  ESCA  Narrow  Scan  (a)  Zr3d 5/5 


Fig.  7.  X— ray  Diffraction 
Pattern  of  MOCVD  Zro; 
Film  ( 350  nrn) 
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The  FTIR.  absorption  spectra  of  the  same  samples  as  a  function  of  annealing 
temperature  are  shown  in  Fig  8  The  six  prominent  absorption  peaks  of  the 
post-deposition  annealed  samples  agreed  very  well  with  that  of  the  CVD  monoclimc 
ZrOj  thin  films  obtained  by  Tauber  [3j.  Since  the  as-deposited  Dim  consisted  of  only- 
tetragonal  phase  according  to  X-ray  diffraction  result,  we  attribute  the  two  absorption 
peaks  in  the  FTIR  spectrum  (Pig.  8)  of  as-deposited  sample  to  the  lattice  vibration 
modes  of  the  tetragonal  phase.  However,  tne  absorption  peaks  of  tetragonal  phase 
could  not  be  identified  in  the  spectra  of  the  annealed  samples,  which  may  be  due  to  the 
overlap  with  the  major  peaks  of  the  mouoclinic  phase. 

There  is  a  large  scatter  in  the  reported  data  about  the  phases  existing  in  ZrOj 
thin  Dim  (1,  3,  5].  However,  there  is  a  general  agreement  that  the  number  and  nature 
of  the  phases  in  the  film  are  a  sensitive  function  of  the  deposition  process,  deposition 
parameters,  grain  size,  and  thickness  [(31.  In  our  study,  the  formation  of  the  metastable 
tetragonal  phase  at  the  deposition  temperature  (e.g.  550°C)  may  be  related  to  the  high 
deposition  rate,  film  stress,  ami/or  to  the  fine  grain  size.  When  the  Dims  were 
subjected  to  high— temperature  heat  treatments,  the  thermodynamically  favored 
.nonoclinic  phase  formed  gradually 


Optical  and  Electrical  Properties 

The  UV— VIS-NIlt  transmission  spectra  of  the  as-deposited  and  annealed 
MOCVD  ZrOj  thin  films  on  fused  quartz  substrates  are  shown  in  Fig  9.  As  can  be 
seen  from  Fig  9,  the  transmittance  drops  down  to  0%  at  A  =  207  ntn  (the  absorption 
edge),  while  its  value  is  around  90%  in  the  visible  and  near  infrared  range.  The 
envelope  method  (7j  was  used  to  calculate  the  refractive  index  (n)  and  the  thickness  of 
the  film.  The  thickness  of  the  film  was  calculated  to  be  370  nm.  Fig.  10  shows  the 
refractive  index  of  the  as-deposited  and  annealed  Zr02  films  as  function  of  wavelength 
The  indices  of  refraction  increased  with  the  increasing  annealing  temperature.  The 
change  of  the  refractive  index  upon  annealing  can  be  attributed  to  the  phase 
transformations  of  the  films 

Fig.  11  shows  the  plot  "f  dielectric  constant,  k,  as  function  of  frequency.  An 
average  value  of  dielectric  constant  is  19  and  its  value  slightly  decreased  with 
increasing  frequency  This  value  of  the  dielectric  constant  is  larger  than  that  of  the 
CVD  ZrOj  film  obtained  from  ZrCI4  (k  =  17)  [3i,  but  smaller  than  that  of 
single-crystal  mouoclinic  ZrU..  !k  —22)  [8], 


SUMMARY 

Due  to  its  stability  and  acceptable  vapor  pressure,  Zrfthd)!  is  a  preferred 
precursor  for  depositing  excellent  quality  MOCVD  ZrC>2  thin  films.  The  as— deposited 
ZrOj  thin  films  were  fine-grained  and  stoichiometric.  In  addition,  the  deposition  rate 
can  be  easily  controlled  from  (!  to  18  nm/min  by  adjusting  the  deposition  parameters  in 
the  range  of  experimental  parameters  investigated.  Only  the  tetragonal  phase  was 
observed  in  the  as-  deposited  Dims  T  he  tetragonal  phase  transformed  progressively 
into  the  monocliriir  phase  as  the  films  were  subjected  to  high— temperature 
post-deposition  annealing  fhc  FTIR  spectra  of  both  the  tetragonal  and  monoclimc 
ZrO-j  thin  film  were  obtained  The  optical  properties  of  the  ZrOj  thin  films  as  a 
function  of  wavelength  in  the  range  of  200  nm  to  2000  nm,  were  investigated,  The 
measured  value  of  the  dielectric  constant  of  the  as-deposited  ZrOj  Film  is  around  19  in 
the  frequency  range  of  :>  kHz  to  1000  kHz 
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Fi e  8.  FTIR  Spectra 
of  MOCVD  Zro2  Film 
(350  nm) 


Fig.  9.  Transmittance 
Characteristics  of 

the  MOCVD  ZrO:  51m 
on  Fused  Quartz 


Freauency  (  VHr  ) 


Fig.  10.  Variation  of 
Refractive  Index  with 
Wavelength 


Fig.  21.  Dielectric 
Constant  as  a  function 
of  Frequency 
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ABSTRACT 

Ta2C>5  and  NbjOs  films  were  deposited  using  the  Lam  Research 
Integrity™  reactor.  The  chemical  precursors  used  were  pentaethoxides  of  Ta 
and  Nb.  Typical  films  were  deposited  at  a  rate  of  4  nm/min  with 
uniformities  of  <1.5%  la  in  the  presence  of  Oj  at  470'C.  Annealing  the  TajOs 
films  did  not  change  the  O/Ta  ratio.  Annealing  the  Nb20s  films  increased 
the  O/Nb  ratio  to  2.5/1  at  850 ‘C.  Interfacial  SiC>2  grew  to  4  nm  after 
annealing  at  850 'C  for  both  Ta20s  and  The  as-deposited  films  were 

amorphous,  but  became  crystalline  above  600‘C  and  700'C  for  the  Nb20s  and 
Ta20s  films  respectively.  The  TEM  observations  on  crystallization  is 
supported  by  x-ray  diffraction  data. 

INTRODUCTION 

Decreasing  device  geometries  require  thinner  dielectric  films  for 
storage  capacitors.  The  need  to  reduce  dielectric  film  thickness  presents  major 
processing  problems.  A  near  term  solution  for  64  Mbit  and  256  Mbit  devices 
is  the  use  of  alternative  dielectrics  such  as  oxides  of  Ta,  Nb,  Zr,  Hf  and  Y. 
These  oxides  have  dielectric  constants,  K,  between  16  and  40,  and  may  be 
deposited  by  several  techniques,  including  sputtering  and  LPCVD. 

The  formation  of  Ta2C>5  films  has  been  studied  extensively  over  the 
years  utilizing  anodic  oxidation  ll]  and  thermal  oxidation  [2]  of  tantalum 
films,  reactive  sputtering  [3-7],  plasma  deposition  [8],  and  chemical  vapor 
deposition  [9-13].  The  formation  of  Ta20s  (and  other  high  dielectric  constant 
films)  from  metal  halides  and  organometallic  reactants  by  CVD  has  been 
reviewed  rr-ently  [14].  Previous  CVD  studies  based  on  the  organometallic 
compound  tantalum  pentaethoxide,  Ta(OEt)s,  as  the  precursor  molecule  have 
led  to  encouraging  results  [9-13].  However,  as-deposited  films  require 
annealing  at  800’C  -  850 'C  in  O2  to  attain  acceptable  electrical  properties,  such 
as  low  leakage  current  density  and  high  dielectric  breakdown  field.  In 
addition,  film  deposition  parameters  were  not  optimized  for  coating  the 
large-area  substrate  wafers  (150  mm  to  200  mm  in  diameter)  required  in  ULSI 
fabrication. 

In  this  paper,  we  describe  the  deposition  of  Ta20.<;  and  films  by 

thermal  LPCVD  of  Ta(OEt)s  and  Nb(OEt)s,  and  O2  in  a  single-pass,  laminar 
flow  reactor.  Precise  control  of  residence  time,  temperature,  pressure,  and 
optimized  02-to-Ta(OEt)s  ratio  are  key  to  obtaining  conformal  and  uniform 
films  of  excellent  quality  over  large-area  substrates. 
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EXPERIMENTAL 

The  Ta(OEt)s  source  had  a  purity  of  99.999%  and  was  used  without 
further  purification.  The  vaporized  source  was  carried  by  ultTa  dry  N2  and 
mixed  with  O2  prior  to  introduction  to  the  reaction  chamber.  Typical 
deposition  and  annealing  conditions  are  listed  in  Table  1.  Planar  and  trench- 
etched  150-mm  diameter  silicon  wafers  were  used  as  test  substrates. 

Deposition 

Ta(OEt)s  and  Nb(OEt)s  source  temperature 
Source  vaporizer  temperature 
Delivery  temperature 
Total  gas  flow  rate 

Mole  ratio  02/Ta(0Et)5  and  C>2/Nb(OEt)5 
System  pressure 
Deposition  temperature 
Deposition  time 

Annealing 
O2  Anneal 

Anneal  temperature  600 -C  -  850 'C 

Time  10-30  min 

Table  1.  Film  Deposition  and  Annnealing  Conditions 

The  LPCVD  reactor  is  a  fully  automated,  hot  wall,  radial  plate  system 
from  Lam  Research  Corporation  (Lam  Integrity™).  It  is  designed  for  precise 
control  of  gas  flow  dynamics,  reactant  concentration,  process  temperature, 
and  system  pressure.  The  gas  flow  is  laminar,  single-pass  and  radial  towards 
the  center  £151-  Generation  of  particulates  by  gas-phase  nucleation  is 
minimized  since  no  recirculation  occurs. 

Films  were  characterized  by  Rutherford  Backscattering  Spectroscopy 
(RBS),  Auger  Electron  Spectroscopy  (AES),  Secondary  Ion  Mass  Spectroscopy 
(SIMS),  X-ray  Diffraction  analysis  (XRD),  Scanning  Electron  Microscopy  (SEM) 
and  Transmission  Electron  Microscopy  (TEM).  Film  thickness  and  refractive 
index  were  measured  simultaneously  by  ellipsometry.  Particle  densities  were 
determined  with  a  laser  reflectance  instrument. 

RESULTS  AND  DISCUSSION 

The  rate  of  Ta20;  and  Nb20s  film  deposition  was  1.5  nm  -  8  nm  over 
the  deposition  temperature  range  of  430'C  -  490”C.  Typical  film  thickness 
uniformity  of  films  40  nm  in  thickness,  deposited  on  150  mm  diameter 
wafers  at  470"C  is  SI. 5%  let  within  wafer,  wafer-to-wafer,  and  run-to-run. 
Average  added  particle  densities  do  not  exceed  0.2/cm2  (>0.3  pm  size;  6  mm 
edge  exclusion).  Figure  I  shows  the  Arrhenius  behavior  over  this  narrow, 
optimal  temperature  interval  for  the  Ta20s  deposition  process  indicating  an 
activation  energy  of  25.3  Kcal/mole.  Likewise,  the  Nb20s  deposition  process 


40 ‘C 
200 'C 

120 *C  -  I40*C 
3-6  sim 
120:1 

400  mTorr  -  600  mTorr 
430  *C  -  490"C 
Variable  (typical  10  min) 
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has  an  activation  energy  of  21.1  Kcal/mole.  These  data  indicate  a  surface 
reaction  rate  limited  process  for  both  films. 

The  SEM  cross-section  micrograph  in  Figure  2  shows  the  excellent  step 
coverage  of  >95%  for  these  films  on  Si,  stemming  from  the  unique  flow 
conditions  and  the  surface-controlled  reaction  in  this  LPCVD  reactor. 


ASPECT  Tttno  6:1 


Fig.  2 .  Back  scatter  image  of  test 
sample  cross-section 
showing  uniform  and 
conformal  coverage  of 
7.2  pm  deep  and  1.2  pm 
wide  trenches  in  silicon 
with  200  nm  thick  Ta^Os 
film. 

RBS  analysis  confirms  the  as-deposited  Ta2C>5  films  have  the  correct 
stoichiometry.  Annealing  these  films  did  not  change  either  the  stoichiometry 
or  the  oxide/silicon  interface.  The  stoichiometry  of  the  as-deposited 
films  was  2.2/1  for  O/Nb  which  reached  2.5/1  at  an  annealing  temperature  of 
850  *C. 


Fig.  1.  Arrhenius  plot  for  TajOs 
deposition  process  from 
430'C  -  490"C 


Figure  3  shows  TEM  cross-sections  of  Ta20s  through  a  film  of  60  nm 
thickness  (as-deposited).  The  films  are  amorphous  (see  also  XRD  studies)  and 
show  no  interactions  of  the  Ta20s  with  the  underlying  substrate  due  to  the 
buffering  property  of  the  approximately  1.2  nm  thick  native  SiC>2  underneath. 
Films  annealed  at  850‘C  in  O2  (Figure  3)  show  the  SiOj  increased  to  4  nm. 
Similar  Si02-growth  under  the  Nb20s  films  upon  annealing  is  shown  in 
Figure  4.  The  TEM  studies  also  provided  information  concerning  the 
crystallization  of  these  films  during  annealing.  The  as-deposited  films  were 
amorphous  but  became  crystalline  above  600"C  and  700’C  for  the  Nb20s  and 
Ta2C>5  films  respectively.  The  TEM  work  on  crystallization  is  supported  by 
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Fig.  5  XRD  traces  for  Ta2C>5  films 
annealed  at  different 
temperatures.  The 
crystallization 
temperature  is  700’C. 

CONCLUSIONS 


Fig.  6  XRD  traces  for  Nb2Os 

films  annealed  at  different 
temperatures.  The 
crystallization 
temperature  is  600'C 


An  LPCVD  process  has  been  presented  for  producing  uniform, 
conformal  and  stoichiometric  Ta2C>5  films  over  large-area  substrates  150  mm 
to  200  mm  diameter  wafers.  Annealing  crystallizes  the  Ta2C>5  and  Nb20s 
films  above  700' C  and  600’C,  respectively.  Annealing  increase  the  interfacial 
oxide  thickness  from  1.2  nm  to  4.0  nm.  Preliminary  results  indicate  Nb20s 
films  are  potentially  applicable  as  storage  capacitor  dielectrics  for  advanced 
256  Mbit  DRAM  devices. 
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ROUTES  TO  DIAMOND  HETEROEPITAXY 
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ABSTRACT 

This  paper  reviews  the  status  of  diamond  heteroepitaxy  approached  by  chemical  vapor 
deposition  and  by  physical  methods.  Reported  are  experiments  with  cubic  boron  nitride  and  nickel 
conducted  with  the  help  of  microwave  plasma  chemical  vapor  deposition.  X-ray  diffraction  data 
confirm  diamond  heteroepitaxy  on  the  (1 1 1 )  faces  of  cubic  boron  nitride  crystals.  Heteroepitaxy 
on  nickel  was  not  demonstrated  yet  nevertheless  suppression  of  graphite  nucleation  was  achieved 
by  formation  of  nickel  hydride. 


HINTS  FOR  HETEROEPITAXY 

Heteroepitaxir.I  growth  is  a  common  practice  for  the  family  of  AnlBv  and  AnBVI  semiconduc¬ 
tor  compounds  and  elements  like  S'  and  Ge.  This  has  been  achieved  by  several  growth  methods, 
such  as  molecular  beam  epitaxy,  metallorganic  CVD,  growth  from  solutions  and  others. 

Demonstration  that  homoepitaxial  growth  of  diamond  by  CVD  is  feasible  allows  us  to  expect 
that  diamond  heteroepitaxy  should  be  attainable  because  of  the  analogy  of  diamond  to  these  other 
semiconductors.  Till  now  this  expectation  did  not  materialize  with  one  exception  -  heteropitaxial 
growth  of  diamond  on  micrometer  size  faces  of  cBN  crystals. 

Heteroepitaxial  growth  means  that  on  the  surface  of  single  crystal  A  (over  macroscopic  area) 
another  crystal  B  starts  to  nucleate  and  grow  with  the  specific  crystallographic  orientation 
relationship  between  A  and  B  crystals,  which  corresponds  to  some  kind  of  lattice  matching.  The 
lack  of  perfect  matching  at  the  interface  introduces  a  strain  between  these  semicrystais.  The  strain 
is  relaxed  in  specific  ways.  For  example,  when  the  crystal  A  is  silicon  and  the  crystal  B  is  silicon 
doped  with  boron,  misfit  dislocations  are  formed  just  above  the  interface.  This  formulation  of 
heteroepitaxy  does  not  consider  any  transition  interlayer  between  A  and  B,  but  instead  direct 
chemical  bonds  are  formed  between  atoms  of  the  crystals  A  and  B. 

In  the  sense  formulated  above  heteroepitaxy  of  diamond  was  not  documented  despite  years  of 
trials  using  a  whole  spectrum  of  substrates.  However,  there  is  some  evidence  that  diamond  was 
grown  heteroepitaxially  on  the  ( 1 1 1)  face  of  cubic  BN  crystal  over  an  area  of  ~10pm  by  direct 
current  plasma  CVD  [11.  Cubic  BN  is  the  first  candidate  to  study  heteroepitaxy  because  of  its  good 
lattice  matching  (1.4%  mismatch)  and  its  solubility  with  diamond.  The  formation  (under  high 
pressure)  of  substitutional  solid  solutions  between  diamond  and  cubic  BN  indicates  the  formation 
of  chemical  bonds  between  B,  C  and  N  [2J. 

The  first  report  on  diamond  heteroepitaxy  on  micrometer  size  cBN  grit  was  presented  by  W. 
Yarbrough,  A.  Kumar  and  R.  Roy  [3,4],  Scanning  Electron  Microscope  observations  on  diamond 
growth  on  cBN  crystals  support  epitaxial  growth  15,6], 

Some  information  on  heteroepitaxy  can  be  extracted  from  studies  of  inclusions  in  diamond 
crystals.  X-ray  diffraction  techniques  have  revealed  for  some  mineral  inclusions  in  natural 
diamond  crystals  that  heteroepitaxial  relationships  exists  between  the  inclusions  orientation  and 
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diamond  matrix  [7],  Similar  measurements  of  high  pressure/high  temperature  diamond  crystals 
grown  from  Ni  and  Co  liquids  indicate  in  situ  formation  on  the  Ni  and  Co  nonstoichometric 
carbides  with  the  NaCl-type  structure.  Inclusions  of  these  carbides  are  aligned  to  the  diamond 
matrix,  according  to  Weissenberg  photographs  [8,91.  Diamond  crystals  grown  by  microwave 
plasma  CVD,  at  specific  CH,  concentrations,  have  nano-size  graphite  inclusions  aligned  on  the 
{ill)  piaues  of  diamond,  according  to  the  electron  diffraction  data  [10]. 


CVD  DIAMOND  NUCLEATION 

Observations  on  diamond  nucleation  on  non-diamond  substrates  can  be  summarized  as 
follows: 

a)  Diamond  nucleates  on  foreign  substrates  on  nano-size  areas  from  which  it  grows 

radially  on  the  surface  and  forms  a  crystal  grain  growing  perpendicular  to  the 
surface. 

b)  Nucleation  takes  place  on  an  intermediary  phase  formed  in  situ,  during  the  incubation 

phase  of  the  process.  There  are  several  such  phases  which  have  been  reported: 

*  hydrogenated  disordered  carbons 

*  hydrogenated  carbides  like  SiC  with  disordered  sphalerite  structure 

*  other  carbides  like  Ti  and  Mo 

Our  understanding  is  that  just  after  an  intermediary  phase  is  formed  as  a  nano-size  nucleation 
site,  diamond  starts  to  grow.  This  tendency  of  diamond  nucleation  is  an  obstacle  in  achieving  the 
oriented  growth.  It  means  that  routine  CVD  procedures  should  be  modified.  Several  such 
modifications  have  been  explored. 

a)  Y.  Sato  and  M.  Kamo  at  NIRIM  achieved  columnar  growth  with  high  crystal  perfection 

in  the  <00l>  direction  by  controlling  process  paramters  [U], 

b)  The  group  of  researchers  at  Osaka  University  explored  artificial  epitaxy.  A  silicon 

wafer  was  lithographically  prepared,  etched  and  passivated  to  form  a  square 
patrem.  Although  the  CVD  diamond  grains  were  only  partly  preferential  [12]. 

c)  Another  procedure  came  from  the  following  observation.  Micrometer  size  powder 

grains  of  natural  diamond  spread  over  a  silicon  wafer  produces  films  with  preferred 
orientation  perpendicular  to  the  surface.  This  results  from  the  fact  that  diamond 
cleaves  along  the  (Ill )  planes  and  the  grains  sit  on  the  surface  sticking  to  the  (ill) 
faces.  These  films  had  random  orientation  of  CVD  crystals  in  reference  to  the 
directions  lying  in  the  surface  of  the  wafer.  This  experiment  indicates  that 
organization  of  seeding  in  three  dimensions  requires  a  new  concept  how  to  orient 
the  seeds  on  the  surface. 

d)  Frustration  with  lack  of  success  on  conventional  heteropitaxy  has  revived  a  homoepi¬ 

taxy  concept  along  the  lines  described  above.  Recently  M.  Geis  and  his  collabo¬ 
rators  have  achieved  spectacular  success  with  mosaic  diamond  films.  They  were 
able  to  etch  a  relief  structure  with  half  octahedron  holes  100  x  100pm  in  silicon 
wafers  and  locate  diamond  octahedral  grains  (100pm )  in  the  resulting  pits  such  that 
all  of  them  have  the  <001  >orientation.  Continuous  quasi  monocrystalline  diamond 
films  over  the  area  of  the  2"  diameter  were  then  prepared  with  further  deposition 
by  hot  filament  atop  this  three-dimensionally  oriented  crystal  array.  Over  95%  of 
the  seeds  are  oriented  and  lead  to  a  mosaic  crystal  approaching  a  large  area  quasi 
monocrystalline  film  (13]. 
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We  can  draw  the  following  conclusions  on  CVD  diamond  nucleation: 

*  It  is  trivial  to  say  that  diamond  homoepitaxy  works  because  at  the  initial  stage  of  the 

process  interaction  of  diamond  surface  with  activated  species  is  similar  to  any 
arbitrary  moment  of  the  growth. 

*  However,  non-diamond  substrates  interact  in  different  ways  than  diamond  surfaces. 

The  surfaces  undergo  chemical  changes  and  diamond  nucleation  starts  on  a  nano¬ 
size  area  where  a  specific  crystal  phase  is  formed.  This  is  a  "point"  at  which 
diamond  nucleates. 

*  The  intermediate  phases  make  heteroepitaxy  difficult.  Disordered  structures  of  these 

phases  contributed  to  this. 

*  Diamond  layer  growth  immediately  atop  a  lattice  matched  heteropitaxial  substrate  (in 

analogy  to  Frank-van  der  Merve  mechanism)  is  the  most  desired  growth.  It  is  also 
advised  to  undertake  efforts  on  finding  such  intermediary  phases  which  would  be 
susceptible  to  form  an  array  of  oriented  (in  three  dimensions)  nucleation  sites. 
Diamond  would  be  nucleated  on  them  forming  islands  followed  by  formation  of  an 
oriented  continuous  film.  This  type  of  nucleation  would  be  analogous  to  a  Volmer- 
Weber  growth  mechanism. 


APPROACHES  WITH  PHYSICAL  METHODS 

In  order  to  avoid  chemical  problems  with  surface  reactions  inherently  connected  to  the  CVD 
processes  efforts  on  developing  physical  methods  have  been  pursued.  Listed  below  are  various 
reported  methods  which  use  the  energy  and  momentum  of  panicles  and  the  interaction  of  laser 
beams  with  matter  in  order  to  aid  in  nucleation  and  heteropitaxial  growth. 

Cirimlaa.'  2C*  jkam 

Freeman  et  al.  in  1978  bombarded  diamond  substrate  heated  at  7(X)’C  with  selected  IJC*  ions 
of  900eV.  They  claim  that  several  pm-thick  single  crystal  diamond  film  (with  non-diamond 
inclusion)  was  grown  on  diamond  substrate  [14],  This  claim  is  not  confirmed.  Recent  repons  by 
Harvell  Laboratory  does  not  contain  any  crystallographic  data  [33J. 


Growth  of  diamond  on  Cu  by  implantation  of  1 20eV  l2C*  into  (111)  single  crystal  Cu  at  ~900'C 
was  reported  by  J.F.  Prins  and  H.L.  Gaigher  [15].  The  claim  was  challenged  by  S.  Tong  Lee  and 
collaborators  whose  experiments  made  at  200eV  showed  that  films  were  invariably  highly 
oriented  crystalline  graphite  [16],  Professor  J.  Prins  reaffirmed  the  claim  that  his  implantation- out 
diffusion  method  produced  diamond  films. 


Laser  Assistance 

Before  powerful  lasers  were  available  periodic  pulses  from  a  xenon-gas-discharge  tube  were 
used  to  create  a  supersaturation  of  carbonaceous  species  above  the  diamond  substrate.  In  this  way 
thermal  CVD  was  improved  with  respect  to  the  ratio  of  diamond/graphite  nuclei  (B.V.  Dcrjaguin 
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and  D.V.  Fedoseev,  1967)  (17], 

The  periodic  heating/cooling  method  was  also  successful  in  the  case  of  lasers  with  wavelengths 
of  1.06  and  10.6p.m.  Polycrystalline  films  5pm  thick  were  grown  on  diamond  substrates  (18). 
These  experiments  have  not  been  confirmed. 

In  relation  to  these  experiments  phase  transformation  in  graphite  powder  was  induced  by  IR 
laser  with  very  low  yield,  nano-size  grains  of  diamond  formed.  In  addition  to  diamond  carbyne 
phase  was  formed  from  hydrocarbon  droplets.  The  results  on  phase  transformation  of  graphite  was 
confirmed  at  Penn  State  [19]. 


laiElaaiaufin:P.ulS£d.Las£LaB£?ss 

A  new  two  step  process  was  proposed  by  J.  Narayan,  V.P.  Godbole  and  C.V.  White.  The  first 
step  is  implantation  of  carbon  into  copper  at 60- 1 20keV.  Next  the  implanted  layer  was  treated  with 
nanosecond  excimer  laser  (308nm)  energy  with  energy  density  up  to  5J-cm-2.  During  the  second 
step,  laser  melting  of  copper,  diamond  films  are  produced  as  flakes.  The  thickness  of  the  flakes 
is  about  500A  and  the  area  is  about  100pm2  [20).  This  method  waits  for  confirmation. 


Conclusions  on  Physical  Methods 

Films  obtained  by  physical  methods  are  usually  rather  thin  (below  1000A)  and  to  prove  that 
they  were  grown  hereroepitaxially  requires: 

*  identification  of  crystal  structure  of  the  film 

*  determination  of  relationship  between  atomic  lattices  of  the  substrate  and  the  film 

*  determination  if  the  film  has  correct  chemical  composition 

It  should  be  excluded  at  the  beginning  that  the  deposited  film  is  not  graphite  or  a  disordered 
carbon  phase.  The  diffraction  data  are  essential  to  prove  heteroepitaxy  but  at  the  same  time  the 
interpretation  is  not  trivial.  The  electron  diffraction  patterns  of  thin  films  of  diamond  and  graphite 
have  some  similarities.  The  evaluation  of  these  patterns  requires  evaluating  them  for  several 
crystallographic  directions,  accurate  measurements  of  as  many  reflections  as  possible,  and  carefu  1 
indexing  of  the  planes.  Misinterpretation  of  diffraction  patterns  of  carbon  films  are  well 
documented  in  the  diamond  literature. 

X-ray  diffraction  requires  the  separation  of  undesired  effects  like  double  diffraction,  parasitic 
scattering  and  other  artifacts.  It  should  be  required  that  the  diffractometer  measurements  be 
complimented  by  photographic  techniques.  It  is  also  documented  in  the  diamond  literature  that 
unfortunate  combination  of  diffraction  effects  in  the  particular  diffractometerproduced  diffraction 
peaks  originated  in  silicon  substrate.  These  diffraction  results  were  attributed  to  beteroepitaxial 
diamond  film  on  silicon.  Revision  of  complementary  characterization  data  indicated  that  a 
disordered  carbon  film  was  deposited  on  Si  instead  [21  ]. 

In  summary  it  is  the  opinion  of  the  authors  of  this  assessment  that  claims  of  diamond 
heteroepitaxy  by  physical  methods  have  not  been  satisfactorily  proven. 


EXPERIMENTS  ON  HETEROEPITAXY  OF  DIAMOND  ON  cBN 

cBN  and  Ni  are  the  most  frequently  considered  candidates  for  diamond  heteroepitaxy.  The 
other  candidates  include:  Cu,  Si,  MgO,  LiF  and  TiBr  In  this  paper  we  will  report  on  experiments 
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using  microwave  plasma  CVD  of  diamond  with  cBN  and  Ni  substrates. 

Qoai 

Examination  of  the  crystallographic  relationship  between  the  diamond  film  and  cBN  crystal 
substrate  by  x-ray  diffraction. 


Substrates 

Progress  in  cBN  synthesis  by  CVD  and  physical  methods  is  very  slow.  Only  recently  1 122- 24  j 
micrometer  size  crystals  of  cBN  were  prepared. 

Single  crystals  grown  by  HP/HT  method  are  not  easily  available.  Large  single  crystals  of  cBN 
up  to  3mm  in  size  have  been  seen  by  the  authors  in  High  Pressure  Laboratory  of  NIRIM.  Tsukuha- 
shi,  Japan  (251  but  there  have  been  no  reports,  as  yet,  that  they  were  used  for  heteroepitaxy 
experiments.  In  general,  the  quality  of  cBN  crystals  is  inferior  to  the  diamond  crystals  grown  b\ 
HP/HT. 

In  this  study  we  have  used  cBN  single  crystals  synthesized  by  authors  using  HP/HT  process 
with  Mg,N2  solvent-catalyst  and  chamber  described  previously  (26|.  The  crystals  have  a  mostly 
tetrahedral  habit.  The  maximum  size  of  these  crystals  was  250pm.  We  have  also  used  crystals  of 
non-regular  octahedral  habit  (80-  120pm)  kindly  supplied  by  Dr.  R.  DeVries  of  General  Electric. 


EsBQSiianJ&PCSSS 

The  cBN  crystals  were  placed  on  natural  diamond  crystal  to  avoid  contamination  from  the 
hoh'  r  and  they  were  cleaned  before  deposition  by  annealing  in  hydrogen  plasma.  5pm  thick 
diamond  film  was  grown  for  the  x-ray  diffraction  study.  A  \7cCHa  and  99 Cf  H;  mixture  at  80Torr 
of  pressure  was  used  over  a  substrate  with  a  temperature  of 900’C,  More  details  on  deposition  is 
given  in  references  27  and  28.  For  the  nucleation  study,  films  of  0.7-3pm  were  prepared. 


X-ray  oscillation  method  was  used  to  determine  crystallinity  and  orientation  of  diamond  film 
in  relation  to  the  250pm  cBN  substrate.  X-ray  photographs  were  taken  with  CuKot  radiation  and 
57.3mm  diameter  camera.  Clear  resolution  of  diamond  (a=3.567A)  and  cBN  (a=3.6 1 5 A i 
reflections  was  observed.  The  reflections  appear  as  doublets.  The  diamond  film  is  a  single  crystal 
(with  a  distorted  structure  because  of  the  elongation  of  the  reflections)  that  has  the  same  orientation 
as  the  crystal  of  cBN.  Table  I  lists  distances  between  diamond  and  cBN  reflections. 

TABLE  1 

Distance 


A2e 

tafculaisd 

pbiiavjd 

111 

0.62" 

0.31mm 

0  3+0. 1  mm 

220 

1.17- 

0.58 

0,6+0  1 

311 

1 .60* 

0.80 

0.8+0. 1 
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Raman  Spectra 

The  Raman  spectrum  of  the  crystal  studied  by  x-ray  diffraction  is  shown  in  Fig.  1.  The 
spectrum  contain  cBN  peaks  at  1054  and  1 304cm’1  and  diamond  signature  at  1333m 1 .  Strong  lu¬ 
minescence  with  maximum  at  1440m 1  correspond  to  disordered  structure  which  is  characteristic 
for  (111)  diamond  homoepitaxy  (28).  This  defected  form  combines  the  effects  of  stacking  faults 
and  twinning  on  the  ( 1 1 1 )  planes.  These  disorder  effects  became  smaller  when  diamond  film  on 
cBN  was  grown  with  addition  of  B2H6  to  the  gas  mixture.  The  strong  luminescence  measured  along 
with  Raman  lines  disappeared  in  this  case,  and  the  width  of  1333m’  diamond  peak  at  half 
maximum  was  3.0cm 


Niideaiicn 

A  perfect  cBN  octahedral  crystal  which  possess  sphalerite  type  structure  should  have  {111) 
faces  terminated  by  B  or  N  atoms  alternatively.  A  tetrahedral  single  crystal  should  be  terminated 
by  B  or  by  N  atoms  exclusively.  The  crystals  used  for  substrates  were  too  small  to  identify  which 
atoms  terminated  which  face.  Deposition  on  the  tetrahedra  faces  produced  smooth  surfaces  with 
tarraces,  an  indication  that  growth  proceed  according  to  Frank-Van  der  Merve  mechanism. 
Deposition  on  octahedral  GE  crystals,  which  were  grown  at  unknown  conditions,  shows  different 
behavior  of  the  (11!)  faces  (Fig.  2),  Some  of  these  faces  have  full  coverage  at  early  stages  of 
growth. 

Rows  of  microcrystals  appeared  along  the  <1 10>  ledges.  These  crystals  indicate  a  Volmer- 
Weber  growth  mechanism.  We  can  only  hypothesize  about  polarity  of  the  (111)  faces,  which 
(111)  face  is  terminated  by  B  atoms  and  with  (ill)  is  terminated  by  N  atoms.  They  should  show 
different  behavior  in  respect  of  etching  and  growth  processes  as  it  was  observed  for  all  A,nBv 
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Fig.  2  Nucleation  of  diamond  on  GE  cBN  crystals.  Process  conditions:  2%CH4.  80Torr. 
930”C.  Bar  corresponds  to  100pm. 


compounds.  Indeed  different  etching  behaviour  for  cBN  was  observed  |25J.  We  think  that  incur 
nucleation  experiments,  boron  terminated  face  is  preferred  for  diamond  nucleation  because  doping 
with  B  proceeds  easily  in  contrast  toN.  So,  the  partial  covering  of  the  (III)  faces  would  seem  to 
indicate  N  termination. 


Conclusions 

1.  Diamond  heteroepitaxy  on  cBN  over  area  of  250pm  was  confirmed  by  x-ray  diffraction 

2.  Differences  in  nucleation  density  were  observed  on  the  {111)  faces  of  cBN  crystals. 

EXPERIMENTS  WITH  NICKEL  HYDRIDES 

Goal 

Formation  of  Ni  hydrides  in  CVD  diamond  growth  process. 


Heieroepitaxv  on  Ni 

Although  true  heteroepitaxy  on  Ni  has  not  yet  been  achieved,  diamond  growth  on  Ni  is  still 
intriguing.  The  distribution  of  atoms  on  the  ( 100)  planes  is  close  for  Ni  (a=3.524A)  and  diamond 
(a=3.567A).  But,  the  crystallization  of  diamond  in  a  CVD  process  does  nottake  place  on  elemental 
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Ni.  When  Ni  metal  is  in  the  contact  with  CHJH^  plasma,  both  C  and  H  dissolve  into  Ni 
immediately.  So  Ni  is  transformed  from  fee  structure  to  an  interstitial  alloy  with  C  and  H  atoms 
located  at  random  in  the  octahedral  holes  of  fee  structure. 

A  similar  phenomenon  occurs  with  HP/HT  synthesis  of  diamond,  where  Ni  or  Co  form  NiCj 
or  CoCj,  x~0.5  non-stoichometric  carbides  of  NaCl  type  structure  ncorporated  into  diamond 
crystal  matrix  {8,9].  In  the  author's  opinion,  this  HP/HT  phenomenon  is  not  important  to  CVD 
deposition  and  we  concluded  that  Ni  is  not  suitable  for  diamond  epitaxy  {27],  But  Ni  does  take 
a  different  active  role  during  diamond  nucleation  and  growth  processes  for  both  HP/HT  and  CVD 
synthesis.  For  this  reason,  we  undertook  a  study  on  participation  of  nickel  hydrides  in  CVDprocess 
and  preliminary  results  will  be  reported. 

When  the  decomposition  reactions  of  hydrocarbons  on  Ni  surface  are  taken  into  account,  the 
whole  CVD  process  will  become  quite  complicated.  This  is  reflected  in  the  fact  that,  depending 
on  the  process  parameters,  a  variety  of  deposits  on  Ni  were  obtained.  These  deposits  range  in 
structure  from  pure  graphitic  deposits  in  the  form  of  fibers  tohigh  quality  singlecrystalsof  graphite 
or  as  diamond  crystals  which  nucleate  at  Ni  grain  boundaries.  Also  reported  was  agglomerate  of 
diamond  crystals  oriented  in  the  <1 1 1>  direction  [29], 


Formation  of  Ni  hydrides  was  studied  from  the  point  of  view  of  thermodynamic  equilibria, 
which  requires  reproducible  synthesis  conditions  (30).  Because  of  this  requirement,  high  pressure 
method  could  be  extensively  explored.  However,  electric  discharges  in  H2,  which  are  difficult  to 
control  but  which  are  effective  in  the  hydride  formation  were  not  extensively  explored.  The 
diatomic  gaseous  hydrides  that  form  on  the  transition  metals  are  known.  Solid  Ni  hydride  have 
have  H/Ni  ratio  of  0.7-0.8  and  its  lattice  constant  expend  5.5%  in  comparison  to  the  metal.  This 
hydride  is  unstable  and  decomposes  at  room  temperature  after  40  hr  [31]. 

Below  we  report  on  experiments  conducted  with  the  help  of  microwave  plasma. 


Thin  Film  of  Ni  on  Diamond 

Experiments  were  performed  with  a  thin  film  of  Ni  sputtered  on  a  pan  of  surface  of  natural  type 
la  diamond  cut  along  the  (001)  plane.  The  thickness  of  Ni  film  was  less  than  1pm.  This  substrate 
was  used  in  diamond  deposition  with  1  %CH4, 99%Hr  pressure  80Toit  and  substrate  temperature 
900‘C.  On  the  part  of  the  (001)  surface  not  covered  by  Ni  diamond  homoepitaxy  took  place. 
Growth  steps  indicating  the  <1 10>  growth  direction  are  shown  in  Fig.  3a.  On  Ni  coated  pan  the 
morphology  varies  significantly.  There  are  squares  with  the  <1 10>  sides  and  large  flat  areas  that 
are  single  crystal  areas  (Fig.  3b). 

Contamination  with  Ni  was  detected  by  electron  microprobe  and  cathodoluminescence  spectra 
show  sharp  lines  which  were  assigned  to  Ni  [32]. 

These  experiments  seem  to  indicate  that  growth  of  diamond  proceed  in  the  presence  of  Ni.  We 
think  that  carbon  coming  from  diamond  crystal  substrate  and  from  CH4  decomposition  is  dissolved 
in  the  Ni  layer  simultaneously  with  the  process  of  hydrogenation  which  produces  volatile  NiH.  No 
graphite  formation  was  observed  in  this  process. 


Thin  Film,  of  Ni  on  Cu 

Cu  as  substrate  helps  to  eliminate  the  dissolution  of  diamond  substrate  in  the  Ni  film  which 
takes  place  in  temperature  above  600’C  as  described  in  the  preceding  section. 


Fig.  3b  Morphology  of  diamond  film  grown  on  Ni  coated  diamond  surface.  Bar  corresponds 
to  50pm. 
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Fig.  4  Morphology  of  Ni  surface  and  diamond  crystal  upon  it.  Bar  corresponds  to  10pm. 

When  bulk  Ni  is  annealed  in  hydrogen  plasma,  it  starts  to  melt  at  1 150'C,  much  below  melting 
point  of  Ni  1450'C. 

The  first  step  of  nucleation  experiments  with  thin  films  of  Ni  (less  than  1pm)  on  Cu  was  to 
anneal  the  films  in  a  hydrogen  plasma  at  1000’C,  below  melting  point  of  Cu  (1080*C). 
Recrystallization  of  Ni  and  formation  of  Ni  hydride  takes  place  in  this  step. 

In  the  next  step,  the  temperature  was  decreased  to  900'C  and  diamond  nucleation  was 
conducted  with  1%CH,  at80Torr.  Separatecrystalsofdiamond  were  nucleated.  Graphite  was  not 
formed  at  these  conditions.  Fig.  4  shows  morphology  of  Ni  layer  recrystallized  with  some 
triangular  features  and  truncated  cubo-octahedral  diamond  crystal  with  the  <11 1>  orientation. 


It  was  demonstrated  that  suppressing  of  graphite  nucleation  can  be  achieved  when  Ni  metal  is 
transformed  into  Ni  hydride. 
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DIAMOND  DEPOSITION  BY  A  NONEQUILIBRIUM  PLASMA  JET 


D.G.  KEIL,  H.F.  CALCOTE,  ANO  «.  FELDER 

AeroChem  Research  Laboratories,  Inc.,  P.O.  Box  12,  Princeton,  NJ  08542 


ABSTRACT 

A  nonequil ibrium  plasma  jet  has  been  used  to  deposit  diamond  films  on  a 
number  of  substrates,  including  silicon,  silicon  nitride,  alumina,  and 
molybdenum.  Hydrogen  is  passed  through  a  glow  discharge  and  expanded  through  a 
supersonic  nozzle  to  produce  a  highly  nonequilibrium  jet.  Methane  is  added 
downstream  of  the  nozzle,  where  it  mixes  and  reacts  with  the  nonequilibrium 
concentration  of  hydrogen  atoms.  The  resulting  supersonic  jet  strikes  the 
substrate  surface  producing  a  high  quality  (determined  by  laser  Raman 
spectrometry)  adherent  diamond  film.  Because  of  the  low  jet  temperature, 
substrate  cooling  is  unnecessary.  Diamond  deposition  rates  have  exceeded 
2  mg/kWh  and  1  pm/h  averaged  over  16  cm*  area;  good  quality  films  have  been 
prepared  at  substrate  temperatures  below  600  K. 


INTRODUCTION 

The  ability  to  produce  CVD  diamond  films  at  practical  rates  and  thicknesses 
blossomed  with  the  use  of  "activated"  hydrogen  along  with  a  carbon  source  gas 
[1,2].  This  early  work  spawned  the  development  of  a  wide  variety  of  techniques 
to  activate  hydrogen  (and  carbon  species)  to  deposit  diamond  films.  Filament- 
assisted  CVD  (FA CVD),  microwave  plasma -assisted  CVD  (MWCVD),  thermal  arc  jet  CVD 
(arc  jet),  and  combustion  gas  rVD  (torch)  techniques  have  been  successfully  used 
to  produce  quality  polycrystal  1 ine  diamond  films.  Differences  in  the 
characteristic  hydrogen  activation  processes  of  each  technique  define  an 
operating  "envelope"  of  deposition  rate  and  diamond  film  quality  (area, 
uniformity,  morphology,  adhesion,  etc).  Encouraging  attempts  have  been  made  to 
connect  them  within  a  global  description  of  diamond  deposition^].  However,  even 
if  similar  chemistry  is  occuring  in  these  CVD  processes,  there  are  practical 
criteria  which  differentiate  them.  The  operating  envelopes  can  be  translated 
into  advantages  and  disadvantages  for  the  processes.  Based  on  the  current 
understanding  of  the  CVD  diamond  mechanism  and  the  characteristics  of  other  CVD 
techniques,  we  have  developed  a  new  technique  designed  to  optimize  the  diamond 
deposition  environment.  It  utilizes  efficient,  low  temperature  activation  of 
hydrogen  in  a  nonequil ibrium  plasma,  and  expansion  of  the  plasma  into  a 
supersonic  jet  which,  when  admixed  with  a  carbon  species,  rapidly  transports 
diamond  precursors  to  the  growing  diamond  film  surface. 


AEROCHEM  NONEQUILIBRIUM  PLASMA  JET 

The  nonequilibrium  plasma  jet  (NEPJ)  was  originally  developed  at  AeroChem 
over  30  years  ago[4].  Its  utility  as  an  efficient  source  of  atomic  hydrogen  for 
synthesis  was  demonstrated  in  a  successful  program  to  deposit  photovoltaic  grade 
amorphous  silicon.  We  have  since  demonstrated  and  patented[5)  its  application  to 
diamond  film  technology,  and  we  anticipate  its  utility  in  many  CVD  processes. 

Apparatus 

The  basic  apparatus,  as  illustrated  in  Figure  1,  is  divided  into  two 
sections  separated  by  a  nozzle  across  which  supersonic  flow  develops.  The  high 
pressure  side  contains  a  glow  discharge  which  activates  a  high  velocity  hydrogen 
stream.  Glow,  or  "silent"  discharges  are  generally  characterized  by  moderately 
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high  voltages  and  low  currents,  as  opposed  to  thermal  arcs  which  operate  at  low 
voltages  and  very  high  currents.  The  glow  discharge  is  supported  between  an 
axial  water-cooled  electrode  and  the  nozzle.  Thus  all  the  hydrogen  passes  through 
the  discharge  and  all  the  resultant  plasma  gases  must  flow  through  the  nozzle, 
expanding  into  the  deposition  chamber.  This  chamber  is  maintained,  by  a  vacuum 
pump,  at  a  much  lower  pressure  than  that  in  the  upper,  discharge  chamber.  Under 
these  conditions,  the  plasma  gases  accelerate  at  the  expense  of  random  gas 
molecule  motions  to  form  a  directed  supersonic  jet  of  cooled  active  gas. 
Downstream  of  the  nozzle  methane  is  mixed  into  the  jet  and  the  jet  impinges  on 
a  substrate  surface  where  a  diamond  film  is  deposited,  as  practiced,  this  method 
does  not  directly  expose  the  carbon-containing  gas  to  the  discharge. 


MIXING  AND  EXACTING  ZONE  , 


Figure  1  AeroChem 

Nonequilibrium  Plasma  Jet 
(NEPJ)  apparatus  for  diamond 
depositions. 


Process  Characteristics 

Glow  Discharge.  In  a  glow  discharge  ions,  electronically  excited  species, 
and  molecular  dissociation  products  are  formed  at  concentrations  much  in  excess 
of  that  predicted  based  on  the  bulk  gas  temperature  (which  is  much  lower  than  the 
efl'ccivo  electron  temperature).  Hence  it  is  a  nonequil  ibrium  plasma.  Positive 
ions  play  a  role  both  in  maintaining  the  discharge  through  high  energy  collisions 
with  the  cold  electrode  surface  and  in  transporting  the  current.  These 
characteristics  differentiate  the  glow  discharge  from  an  electric  or  thermal  arc, 
in  which  electron  "boil -off''  from  a  hot  electrode  and  electron  transport  of 
charge  dominate  in  maintaining  the  discharge.  In  such  arcs,  the  gas  in  the 
plasma  is  largely  at  thermal  equilibrium,  and  active  species  concentrations 
result  from  the  extremely  high  associated  temperatures  (typically  >5000  K) . 
Contamination  by  vaporized  impurites  can  be  problematic  in  both  arc  and  FACVD 
processes.  A  glow  discharge  provides  high  hydrogen  atom  fluxes  at  low  power 
levels,  since  energy  isn't  used  to  heat  the  hydrogen  to  the  equivilent  thermal 
dissociation  temperature,  as  in  arc  or  FACVD  processes.  The  ultimate  heating  of 
the  substrate  by  the  nonequilibrium  plasma  jet  is  less  than  from  an  arc  jet  due 
to  the  lower  bulk  gas  temperature.  Atmospheric  torch  methods,  where  both  the 
thermal  and  active  species  fluxes  are  high,  also  require  substrate  cooling. 

Nozzle  Expansion.  The  supersonic  expansion  of  the  plasma  gases  is  another 
key  element  of  the  NEPJ  for  diamond  deposition.  When  the  pressure  ratio  across 
the  nozzle  is  much  greater  than  unity,  random  thermal  motions  are  directed  to 
form  an  expanded,  supersonic  jet  of  coaled  gases.  The  supersonic  expansion 
prevents  feedback  from  the  downstream  chamber  into  the  discharge  chamber, 
effectively  isolating  the  discharge  processes  from  perturbations  or  manipulations 
of  the  downstream  jet.  This  provides  separate  optimization  of  hydrogen 
activation  and  transport  processes.  Isolation  also  provides  stability  of 
operation  in  the  presence  of  substrate  motion,  which  is  not  possible  in 
conventional  MWCVD. 

The  supersonic  jet  rapidly  transports  active  plasma  species  (hydrogen 
atoms,  ions,  etc.)  toward  the  substrate.  Three-body  hydrogen  atom  recombination 
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is  low  due  to  the  short  available  reaction  time  and  to  the  low  pressure  in  the 
jet.  Bimolecular  reactions  with  positive  activation  energies  are  slower  at  the 
lowered  jet  temperature. 

At  the  substrate  surface,  a  shock  wave  forms,  and  the  gas  recovers  the 
upstream  temperature.  The  active  species  are  transported  across  the  resultant 
boundary  layer  to  form  the  diamond  film.  The  high  gas  velocities  impinging  on 
the  substrate  makes  the  boundary  layer  thin,  facilitating  transport  to  the 
surface. 


Diamond  Depositions 

Experimental .  Typical  gas  flow  rates  for  results  described  here  are 
0.5-1  sL/s  hydrogen,  50-200  scc/s  helium  and  and/or  argon,  and  2-25  scc/s 
methane.  For  these  experiments  the  glow  discharge  was  typically  operated  at  1 
to  2  A  and  1000-1500  VDC,  corresponding  to  1  to  3  kW  power.  Except  for  low 
substrate  temperature  depositions  described  below,  it  was  often  necessary  to 
provide  additional,  electrical  substrate  heating  beyond  that  provided  by  the 
plasma  jet.  To  accomplish  this  uniformly,  the  substrate  was  supported  on  a 
heated  graphite  disk. 

We  found  that  substrates  to  be  diamond  coated  did  not  require 
pretreatment,  such  as  scratching  with  a  hard  material  (e.g,  diamond  or  SiC 
powder)  as  reported  for  a  high  deposition  rate,  thermal  plasma  process  [6]. 
However  such  treatment  was  found  to  affect  the  deposited  diamond  film  appearance 
and  presumably,  its  morphology.  We  have  not  observed  any  "induction  period"  for 
nucleation,  and  the  deposition  rates  are  comparable  for  scratched  and  unscratched 
substrates. 

Deposition  rates  in  mg/hr  are  determined  by  substrate  weight  changes.  Film 
thicknesses  have  been  determined  by  several  methods.  Average  values  can  be 
easily  determined  based  on  estimates  of  the  overall  film  area  and  the  measured 
substrate  weight  change.  A  diamond  film  density  of  3.5  g/cm3  is  assumed.  We 
have  also  measured  thickness  profiles  with  beta  back-scattering  (0-BS).  The 
instrument  (Twin  Cities  Model  TC  2000)  was  fitted  with  a  Cd109  beta  source  and 
was  calibrated  for  each  substrate  material  using  a  series  of  standard  thickness 
polypropylene  films,  correcting  the  thicknesses  for  the  density  ratio  0.91/3.5. 
The  thicknesses  of  fractured  films  have  been  directly  measured  using  scanning 
electron  microscopy  (SEM)  or  a  surface  profilometer  (Tencor  Instrument,  Model  10- 
00020).  Even  for  films  deposited  on  complex  shapes,  the  estimated  average 
thicknesses  were  found  to  consistently  scale  with  the  direct  thickness 
measurements  within  about  a  factor  of  two,  the  average  values  being  less,  as 
expected. 

Diamond  film  quality  is  routinely  determined  on  the  basis  of  Raman 
spectroscopy  using  the  515  nm  argon  ion  laser  line  (Spectra  Physics  Model  164). 
Typical  laser  power  is  200  mW  and  the  beam  is  only  moderately  focused,  yielding 
sample- average  spectra.  The  scattered  radiation  is  focused  onto  the  slits  of  a 
Spex  Model  4  Ramalog  laser  Raman  Spectrometer.  The  double  monochromator  has  a 
0.85  m  focal  length,  is  fitted  with  1800  groove/mm  gratings,  and  with  150  micron 
slits  provides  about  2  cm'  resolution.  A  cooled  photomultiplier  (RCA  C31034) 
collects  the  light  from  the  exit  slit,  and  the  signal  is  stored  on  a  computer  for 
manipulation,  storage,  and  routing  to  an  X-Y  plotter.  We  routinely  judge  the 
film  quality  based  on  the  intensity  ratio  of  a  broad  Raman  feature  at  1550  cm' 
(attributed  to  sp2  carbon)  and  the  narrow  diamond  peak  around  1332  cm'1;  and  the 
intensity  of  continuum  emission  underlying  this  region[7).  Since  the  Raman 
scattering  efficiency  of  graphite  is  about  50  times  greater  than  that  for 
diamond,  the  1550  cm'1  to  1332cm'1  intensity  ratio  can  be  roughly  interpreted  as 
a  percentage  of  non-diamond  carbon  in  the  film. 

Substrate  Materials.  Some  materials,  listed  in  order  of  increasing  thermal 
expansion  coefficient  (TEC),  on  which  we  have  deposited  diamond  films  are  given 
in  Table  I.  In  most  cases  part  of  the  substrate  surface  was  rubbed  with  diamond 
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powder  or  paste  to  optimize  nucieation.  All  attempts  to  observe,  by  Raman 
scattering,  any  residual  diamond  detritus  from  the  pretreatment  have  failed, 
probably  due  to  the  low  amount  of  diamond  remaining  and  the  weak  focus  of  the 
probe  laser  beam.  The  appearance  of  the  diamond  peak  around  1332  cm'  in  the 
Raman  of  the  deposited  films  was  taken  as  evidence  of  diamond  deposition.  As  the 
table  shows,  the  peak  Raman  shift  of  this  feature  depends  on  the  substrate 
material.  A  general  correlation  between  t  peak  position  and  the  thermal 
expansion  mismatch  between  diamond  and  the  substrate  material  is  seen.  Raman 
shifts  greater  than  1332  cm"1  are  consistent  with  compressive  film  stresses 
induced  by  TEC  mismatch[7).  Interestingly,  the  film  on  copper  exhibited  a  shift 
less  than  1332  cm1,  even  though  its  TEC  is  an  order  of  magnitude  higher  than 
that  of  diamond.  Poor  adhesion  may  be  responsible. 


TABLE  I.  Some  Materials  Diamond  Coated  with  NEPJ 


ShN< 

Si 

Mo,  AIN 
AIN/Ti/W 
AIN/Ti/W/Au 

Material : 

SiO, 

(Diamond) 

SiC 

WC  cermet 

A1A 

Cu 

Peak 

Raman 

Shifts, 

cm'1 

133212 

133311 

133611 

1337+3 

1340+4 

1329+2 

Deposition  Rates.  Total  deposition  rates  as  high  as  26mg/h r  have  been 
measured  using  molybdenum  plates  with  exposed  16  cnr  areas  as  substrates.  A  56 
mg  diamond  film  resulted  from  an  8  hr  deposition  at  a  plasma  power  of  2.4  kW  and 
substrate  temperature  of  800  C  (methane  to  hydrogen  flow  ratio  of  0.5%).  Figure 
2  gives  the  diamond  film  thickness  profile  as  determined  by  beta  back-scattering 
and  increased  by  40%  to  give  an  integrated  volume  of  16  mm,  corresponding  to  the 
56  mg  diamond  deposit.  Raman  spectra  as  recorded  at  various  positions  on  the 
film  are  presented  in  Figure  3.  The  major  variation  appears  to  be  the  intensity 
of  a  continuum  background  which  has  been  attributed  to  photoluminescence  rather 
than  true  Raman  scattering[7] .  From  the  thickness  profile  in  Figure  2,  we 
estimate  a  maximum  thickness  growth  rate  of  7  micron/hr.  This  is  much  lower  than 
the  reported  rates  for  thermal  plasma  jet  processes  of  hundreds  of  microns  an 
hour.  However,  these  high  speed  depositions  are  generally  based  on  smaller  area 
films.  If  total  deposition  rates  are  used  we  have  deposited  at  7  to  26  mg/hr  (2 
to  7  mm3/hr)  using  a  2.4  kWh  plasma.  Values  estimated  from  other  reports  do  not 
always  provide  a  direct  comparison  to  this,  but  we  find,  for  example,  for  a  DC 
thermal  plasma[8]  that  a  small  area  400  micron/hr  rate  corresponds  to  30  mnr/hr 
at  10  kW.  Higher  rate  processes  tend  to  utilize  higher  powers,  1  kW  for  MWCVD, 
1  to  10  kW  equivalent  for  atmospheric  torches,  and  approaching  50  kW  for  high 
pressure  thermal  plasmas{9].  An  encompassing  definition  of  process  rate  has  not 
yet  been  developed  or  adopted. 


Figure  2.  0-BS  thickness 
profile  of  adherent  56  mg 
diamond  film  deposited  on 
molybdenum.  Curve  through  data 
points  is  scaled  to  experi¬ 
mental  film  mass  (see  text). 
Thickness  uncertainty  (la)  is 
indicated  based  on  fi-BS 
counting  statistics.  Letters 
A-F  refer  to  Raman  spectra  in 
Figure  3. 
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Figure  3.  Raman  spectra 
recorded  for  indicated 
positions  in  diamond  film  in 
Figure  2.  Diamond  peak  shifts 
and  full  width  half  maxima,  in 
cm'1,  are:  A-1337,11;  B- 
1338,10;  C-  1337,11;  D-  1336,8, 
E-  1336,10;  F-1339, 9.  Spectrum 
A  indicates  most  scattering  by 
non -diamond  carbon:  broad  peak 
in  range  of  1500-1550  cm'1  seen 
above  estimated  continuum 
photoluminescence  (cross- 
hatch)  . 


Lou  Temperature  Depositions.  The  NEPJ  has  demonstrated  the  advantage  of 
high  power  appl ication  with  relatively  little  power  dissipation  by  the  substrate. 
For  example,  we  have  obtained  high  deposition  rates  at  low  temperature  on  cooled 
molybdenum  substrates.  In  one  experiment,  the  molybdenum  substrate  was  mounted 
on  a  water-cooled  copper  support  block.  Heat  flux  through  the  molybdenum 
substrate  was  calculated  from  the  temperature  rise  in  the  support  block  cooling 
water  and  the  water  flow  rate.  This  was  used  to  put  limits  on  the  temperature 
gradient  across  the  substrate  area  upon  which  diamond  was  observed  to  be 
deposited  and  indicated  a  surface  temperature  of  less  than  100*C.  The  deposition 
rate  was  300  pg/hr  over  an  area  of  2.3  or  corresponding  to  an  average  deposition 
rate  of  0.4  p/hr.  A  continous  film  was  indicated  by  the  appearance  of  color 
interference  rings. 

In  another  experiment,  a  chromel/alumel  thermocouple  was  welded  to  the 
surface  of  a  molybdenum  substrate.  The  wires  passed  through  a  hole  in  the 
substrate  so  that  only  the  thermocouple  bead  extended  above  the  substrate  surface 
(by-0.5  mm).  Thus  the  bead  temperature  was  assumed  to  be  equal  to  or  greater 
than  the  substrate  surface  temperature.  During  a  one  hour  deposition  experiment, 
the  temperature  was  292-300'C.  Raman  spectra  confirmed  diamond  deposition  on 
both  sides  of  the  bead  location  and  SEM  revealed  diamond-like  crystals  on  the 
thermocouple  bead.  No  attempt  was  made  to  measure  the  weight  increase,  but  SEM 
revealed  near  continous  film  with  composite  crystals  sizes  of  about  1  micron,  as 
shown  in  Figure  4.  Diamond  was  confirmed  in  Raman  spectra  as  shown  in  Figure  5. 


Figure  4.  SEM  micrographs  of  diamond  film  deposited  at  about  300C. 
Growth  rate  of  crystals  in  B)  is  about  I  mir.ron/hr. 
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MAX.  -  1333  cm*’ 
fWHM  -  4  cm'1 


700  1200  1700 

RAMAN  SHIFT,  cm-' 


Figure  5.  Raman  spectrum  of 
diamond  film  in  Figure  4.  Peak 
centered  at  1333  cm'1,  4  cm'1 
wide  (FWHM) . 


SUMMARY 

A  new  high  deposition  rate  process  has  been  developed  to  produce  quality 
diamond  films  on  a  variety  of  substrate  materials.  Substrate  cooling  is  not 
necessary  as  in  other  high  rate  processes.  Diamond  films  have  been  deposited  at 
high  rates  at  a  surface  temperature  less  than  600K,  indicating  that  surface 
temperature  may  not  be  a  limiting  factor  for  diamond  deposition. 
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ABSTRACT 

Polycrystalline  diamond  films  have  been  deposited  on  (100)  silicon  wafers  by- 
plasma  enhanced  chemical  vapor  deposition  (PECVD)  using  a  1.5  kW  microwave 
source  to  dissociate  dilute  gas  mixtures  of  CH.,  and  O;  in  H;.  Filins  as  thick  as 
20/irn  covering  a  2"  diameter  area  were  deposited  at  925  °  C,  -10  Torr  total  pressure, 
and  500  seem  total  flow.  These  have  been  characterized  as  a  function  of  CH4  [0.2- 
4%]  and  02  [0-3%]  concentrations  by  measurements  of  deposition  rate,  stress,  sur¬ 
face  roughness,  morphology,  and  impurity  levels  (C-H  and  amorphous-graphitic  car¬ 
bon).  Addition  of  oxygen  to  the  discharge  tends  to  reduce  impurity  levels  in  the 
diamond  films;  however,  this  is  accompanied  by  a  reduction  in  deposition  rate. 
When  an  ejfective  CH4  concentration  [—  cbCH4  —  °e02)  is  used  as  a  me'rie  for 
02-containing  feed  compositions,  deposition  rates  as  well  as  film  properties  are 
found  to  agree  well  with  those  obtained  in  the  absence  of  0._>.  Thus.  1%  CH ,  in 
hydrogen  is  nearly  equivalent  to  i%  CH1t  3%  O  ,  in  hydrogen  as  feed  compositions 
for  depositing  diamond. 


INTRODUCTION 

CVD  diamond  research  which  began  in  earnest  in  Japan  in  the  1970's  has 
expanded  considerably  in  the  1980’s  with  large  efforts  in  Japan,  the  United  States, 
and  Europe.  Most  of  the  early  Japanese  work  demonstrated  that  diamond  was 
indeed  the  dominant  phase  that  formed  using  hot-filament  dissociation  of  dilute 
mixtures  of  methane  in  hydrogen.  During  the  198()’s,  U.S.  researchers  focused  on 
confirming  these  results  and  elucidating  the  mechanism  of  diamond  formation  while 
their  Japanese  cohorts  focused  mainly  on  developing  novel  sources  for  diamond 
deposition.  As  a  result,  DC  and  microwave  plasmas,  oxy-acetylene  flames,  and  DC 
and  RF  thermal  plasmas  have  all  been  found  to  produce  diamond  and  the  Japanese 
have  virtually  cornered  the  market  on  patents  relating  to  sources  for  the  production 
of  polycrystalline,  CVD  diamond  thin  films.  It  was  not  until  the  late  80’s  that 
attention  began  to  be  focused  on  determining  the  properties  of  these  materials. 
Perhaps  the  most  important  were  the  demonstration  that  CVD  diamond  can  exhibit 
a  thermal  conductivity1  2  near  that  of  bulk  diamond  at  room  temperature 
(~  lOW/cm  K)  and  resistivities'1  near  1016  Q  —  cm  suggesting  that  CVD  diamond 
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might  he  a  useful  dielectric  material  in  eloetronie  applications.  However,  none  of 
these  st  '  lies  were  eomprehensive  ami  it  remains  unclear  whether  desirable  proper¬ 
ties  can  tie  achieved  in  the  same  film  or  whether  trade-offs  might  he  required  in 
incorporating  diamond  films  in  device  applications.  Furthermore,  there  has  teen 
little  information  regarding  stress,  adhesion,  surface  roughness,  rutting,  dicing,  and 
etching;  all  of  which  are  of  paramount  importance  to  using  C".  I)  diamond  in  practi¬ 
cal  applications.  Recently,  we  have  established  a  program  to  evaluate  CM)  dia¬ 
mond  as  an  electronic  material  anti  examine  issues  reb.trd  to  manufacturability.  In 
this  paper,  we  present  a  summary  of  variations:  of  film  properties  as  a  function  of 
methane  concentration  and  describe  some  of  the  effects  of  adding  oxygen  to  the 
deposition  feed  gas. 


EXPKRIMKNTAI, 

An  ASTcX  (Applied  Science  am!  Technology.  Inc.)  model  III’M/M  microwave 
deposition  reactor  was  used  to  deposit  poly-crystalline  diamond  films  by  exciting  a 
discharge  through  a  dilute  mixture  of  (  II ,  and  Oe  in  II...  For  the  results  reported 
here,  a  500  > cent  flow  of  hydrogen  was  used  at  a  pressure  of  to  Tore  with  1.1  k\V  of 
incident  microwave  power.  Methane  and  oxygen  flows  were  adjusted  to  give  feed 
compositions  of  0.2  -  TV  Cl  I*  and  0  -  S''!-  O..  The  temperature  of  the  rf-iieated 
susceptor  was  set  and  controlled  at  $50  C.  and  was  invariant  to  microwave  power. 
Polished  (100)  silicon  wafers  were  used  as  substrates  for  the  deposition  of  diamond 
and  varied  in  size  and  shape  from  2  -  l”  diameter  to  1/1  sections  of  d"  and  t 
wafers.  The  wafers  were  seeded  by  polishing  with  a  met  allographs  paste  containing 
O.l/i  rn  diamond  grit  using  a  Dremel  tool  and  cotton  polishing  pad.  The  wafer  tem¬ 
perature  was  monitored  with  a  2/tin  optical  pyrometer  using  an  emissivity  estimated 
by  heating  a  wafer  to  a  temperature  of  f)(X)  (’  in  a  50  Torr  hath  of  helium  and 

assuming  convection  as  the  dominant  mechanism  of  thermal  transport.  \  value  of 
0.71  was  obtained  for  the  emissivity  (r)  relative  to  an  ideal  black  body  and  is  in 
good  agreement  with  hand  hook  values  for  silicon  at  this  wavelength.  The  substrate 
temperature  rose  by  50-80  C  (depending  on  microwave  power)  when  a  plasma  was 
struck  and  the  pyrometer  temperature  dd  minutes  into  a  deposition  run  was  chosen 
as  the  best  value.  For  the  results  reported  here  the  temperature  was  !)25{±  III)  ( 
Deposition  times  varied  from  1$  to  is  hr*-,  to  allow  formation  of  a  film  at  least  t/nn 
thick. 

Raman  spectra  of  the  polvcrystalline  diamond  films  were  obtained  in  the  hack- 
seattering  configuration  using  IXX.O  nm  and  511.5  tint  excitation  lines  from  a  5  \Y 
argon  ion  laser  and  focusing  the  scattered  radiation  into  a  .lohin-Yion  Ramnm.r  l 
1(K)  double  monochromator  equipped  with  a  photomultiplier  and  photon  counting 
elect  ronies.  Raman  spectra  provided  a  convenient  assessment  of  tlm  quality  of  the 


diamond  film  by  comparing  the  relative  intensities  of  the  characteristic  sharp  dia¬ 
mond  Raman  band  at  1332  cm-1  to  those  of  non-diamond  carbon  (amorphous  and 
graphitic,  a,g-C)  which  appear  as  broad  bands  in  the  regions  of  1330  1380cm-  1 

and  1520 — 1580  cm  “  *.  Infrared  spectra  were  recorded  using  a  Mattson  Alpha  Cen- 
tauri  Fourier  transform  infrared  (FTIR)  spectrometer.  The  interference  fringes 
observed  provided  a  useful  estimate  of  the  Him  t!  ickness.  based  on  the  assumed 
refractive  index  of  2.42.  In  addition,  the  presence  of  hydrogen  in  the  film  was 
detected  by  absorption  bands  in  the  2800-3000cm~  1  C-H  stretching  region.  Rela¬ 
tive  C-H  concentrations  in  films  was  determined  by  integrating  this  band  in  the 
absorbance  spectrum  and  normalizing  to  film  thickness. 


RMS  surface  roughness  (R,\)  and  stress  were  measured  using  the  Sloan  Dektak 
model  HA  surface  profilometer.  The  radius  of  bowing  (R)  of  the  wafer  was  com¬ 
puted  from  the  Dektak  scan  length  and  deflection,  and  the  film  stress  was  obtained 
(cr f ,  dyn  cm"  ~)  using  the  expression 
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where  Es  is  Young's  modulus  of  the  substrate.  //s  is  I’oissons  ratio  of  the  substrate, 
and  t?  and  tf  arc  the  thicknesses  of  the  substrate  and  film,  respectively.  Morphol¬ 
ogy,  grain  size,  and  dominant  faceting  of  the  polycrysiaUmc  finis  were  examined 
using  an  Olympus  BII-2  optical  microscope.  Under  maximum  magnification  (151X1 
X)  it  was  possible  to  estimate  grain  sizes  and  habit  down  io  about  1  p m. 


RESULTS  AND  DISCUSSION 
General  Observations 

Diamond  films  up  to  about  20  pm  thick  were  deposited  on  the  silicon  sub¬ 
strates  over  an  area  of  about  50  mm  in  diameter.  This  corresponded  closely  to  our 
observations  of  the  extent  of  the  active  glow  region  of  the  plasma  hall.  The  grain 
sizes  observed  in  these  films  seemed  to  be  independent  of  the  Oil.,  and  O  ,  content 
of  the  feed  gas.  Usually,  grain  sizes  were  1  -  3  p m;  however,  grains  as  large  as  5  -  10 
pm  were  observed  in  many  films  but  were  usually  not  in  high  concentration.  The 
only  exception  to  this  generality  was  observed  with  high  Cll,  concent  rations 
(>2 rf).  Here,  grains  size  became  small  (<<  1pm)  and  the  films  took  on  a  more 
specular  appearance  in  reflection  than  the  gray  "emery  cloth"  look  typical  of  dia¬ 
mond  films. 
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Figure  1.  Deposition  rate  as  a  function  of  methane  concentration  in  a  500  seem 
flow  of  hydrogen  at  925  '  C.  ‘10  Torr,  and  l.-l  k\V  incident  microwave  power.  The 
solid  line  represent  a  least-squares  fit  to  the  CH  ronly  data  (solid  symbols).  Open 
symbols  refer  to  deposition  rates  obtained  by  adding  oxygen  and  are  plotted  against 
an  effective  methane  concentration  (=  |<:cCII4  —  r cO.,j).  The  numbers  within  the 
symbols  refer  to  the  actual  %CII.,  in  the  feed  gas. 


Variations  with  Methane  Concentration 

The  solid  symbols  in  Figure  I  show  the  variation  of  deposition  rate  with 
methane  concentration.  The  solid  Sine  represents  a  least-squares  fit  to  the  data  with 
the  exception  that  the  highest  CM.,  point  (3T)  was  excluded  from  the  fit  since  the 
Raman  spectrum  of  this  film  suggested  it  was  non-diamond.  The  overall  growth 
rate,  based  on  the  slope  of  the  least-squares  fit.  is  0.235/1  m / hr  per  fT( '1 1  (  and  the 
correlation  coefficient  is  0.909.  The  observed  rales  are  of  similar  magnitude  to  those 
reported  by  others  using  hot-filament  and  low-pressure  microwave  sources.4  The 
apparent  positive  intercept  (0.13  /tin /hr)  of  the  fit  to  the  data  l<x>ks  statistically  sig¬ 
nificant,  and  it  is  likely  that  etching  of  the  surrounding  graphite  susceptor  is  sup¬ 
plying  gas-phase  carbon  for  diamond  deposition. 
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Below  2%  C f )  1 ,  polycrystalline  diamond  was  the  main  form  of  carbon  depo¬ 
sited  based  on  the  characteristic  1332 cm'1  diamond  band  observed  by  Raman 
spectroscopy  and  the  cubic  faceting  of  grains  seen  using  optical  microscopy.  While 
the  diamond  lines  generally  dominated  the  low  frequency  range  of  the  spectra,  they 
were  superimposed  on  a  broad,  intense  photoluminescence  (PL)  background  and 
always  exhibited  some  contribution  from  a.g-C  near  i560cm" 

Between  2%  and  3%  CH^  the  morphology  of  the  films  became  heterogeneous 
with  diamond  concentrated  in  the  center  (1"  diameter)  surrounded  by  amorphous 
and  graphitic  carbon  (a,g-C),  and  some  soot  forming  on  the  outermost  regions  the 
same  wafer.  At  3%  CH4,  diamond  crystallites  were  no  longer  observed  and  the 
regions  of  soot  formation  on  a  smooth  a.g-C  film  became  more  pronounced  until  at 
4%,  soot  was  the  only  form  of  carbon  deposited.  The  Raman  data  for  the  films 
grown  with  3%  CM4  displayed  two  broad  bands  near  13IOem-1  and  1580  cm-1, 
indicative  of  disordered  microcrystalline  graphite  and  some  amorphous  carbon,  and 
no  characteristic  diamond  feature  at  1332  cm-  '. 

Along  with  the  variations  in  carbon  allotrope.  we  also  noted  changes  in  crystal 
habit  as  CH<  concentration  was  increased.  Below  1.5%  CH4,  triangular.  (Ill)  facet¬ 
ing  of  the  diamond  crystallites  was  dominant.  At  higher  concentrations,  the  films 
began  to  display  increasing  numbers  of  square,  (100)  facets  until  at  2.5%  OH.,  a 
nearly  complete  conversion  to  (100)  platelets  with  their  normals  oriented  strongly 
along  an  axis  perpendicular  to  the  wafer  surface  was  observed.  Figure  2a  shows  that 
the  surface  roughness  changes  in  accord  with  these  observations.  At  low  methane 
the  RMS  roughness  was  nearly  3000  A  and  continuously  decreased  with  increasing 
methane  concentration.  This  is  consistent  with  the  formation  of  more  (100)  pla¬ 
telets  and  smaller  grained  a,g-C  which  begin  to  dominate  the  morphology  of  the 
film  at  higher  CH.,  concentrations.  The  low-methane  roughness  corresponds  to 
about  10%  of  the  film  thickness  and  is  comparable  to  the  grain  size  of  the  films. 
This  seems  to  be  typical  of  other  CVT)  diamond  films  based  on  reported  SEM  data. 
For  most  thermal  applications  the  roughness  reported  here  are  acceptable;  however, 
polishing  may  become  necessary  with  thicker  films. 

Figure  2b  shows  the  stress  in  these  films  is  strongly  tensile,  ranging  from  a  low 
of  3xl09  dyn  cm"2  to  a  high  near  1.6x10’°  dyn  cm-2  as  methane  concentration  is 
varied.  The  origins  of  stress  are  unclear  but  may  be  indicative  of  the  mechanism  of 
grain  growth.  For  example,  nuclei  that  grow  hemispheriealiy  until  they  touch,  and 
then  undergo  columnar  growth  are  likely  to  induce  tensile  stress  through  intera¬ 
tomic  forces  at  the  grain  boundaries.  Thermal  mismatch  between  the  substrate  and 
film  cannot  account  for  our  observations  since  differential  thermal  expansion  would 
result  in  compressive  stress  on  cooling.  Interestingly,  stress  appears  to  maximize  at 
nearly  the  same  CII  ,  concentration  that,  we  observe  the  onset  of  formation  of  other 
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Figure  ‘2.  Cl  1 4  concen¬ 
tration  dependence  of  (a) 
RMS  surface  roughness  (R,\). 
(b)  tensile  stress,  (c)  ratio  of 
diamond /non-diamond 
Raman  intensities,  and  (d) 
relative  C-H  content  of  films 
deposited  using  the  condi¬ 
tions  noted  in  Figure  1. 
Solid  symbols  refer  to  C'H  (- 
only  feeds  while  open  sym¬ 
bols  refer  to  mixtures  con¬ 
taining  ()>  that  are  plotted 
against  effective  methane 
(-  jccCH  4  —  ('K)  >  j ).  Solid 
lines  are  polynomial  fits  to 
the  data  and  meant  to  guide 
the  eye. 
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carbon  allotropes  and  decreases  as  the  films  become  more  amorphous  in  character. 
The  high  stress  is  certainly  a  limitation  to  further  processing  such  as  metallization 
and  patterning  since  lithography  requires  a  flat  working  surface.  Furthermore,  the 
high  stress  may  also  limit  the  adhesion  of  thicker  films  to  the  substrate.  Thus, 
stress  control  will  be  an  extremely  important  issue  in  the  technological  applicability 
of  CVD  diamond. 

Purity  is  another  factor  in  determining  whether  CAT)  diamond  is  a  useful 
dielectric  material.  It  is  well  established  with  oxide  and  nitride  dielectrics  in  silicon 
technology  that  impurities,  hydrogen  in  particular,  are  deleterious  to  the  reliability 
and  performance  of  microelectronic  devices  operated  under  electrical  stress.  CVD 
diamond  is  a  more  complex  material  since  graphitic  carbon  contamination  as  well  as 
hydrogen  can  accumulate  at  grain  boundaries  or  form  defect  sites  within  crystallites. 
Raman  spectra  were  invaluable  for  identifying  non-diamond  carbon  as  the  origin  of 
changes  in  morphology  with  CH4  concentration.  The  non-diamond  carbon  struc¬ 
tures  represent  a  major  source  of  contamination  in  C\T>  diamond  films,  and  since 
the  intrinsic  Raman  intensity  of  graphitic  carbon  is  significantly  greater  than  dia¬ 
mond,  Raman  characterization  is  an  effective  means  for  detecting  low-level  a.g-C 
domains.  We  have  adopted  the  intensity  of  the  diamond  line  at  1332  cm”  1  relative 
to  the  intensity  of  the  major  a,g-C  band  near  1500  cm”  1  as  a  convenient  assessment 
of  quality  of  our  films.  Figure  2c  shows  that  this  ratio  decreases  from  12.6  to  about 
3  as  CH.|  concentration  in  the  feed  gas  mixture  is  increased  front  0.2%  to  1.5%.  fal¬ 
ling  again  when  Oil 4  concentration  is  increased  above  about  2.5%  (i.  e..  when  no 
diamond  is  deposited).  It  is  clear  that  film  quality,  based  on  a.g-C  contamination,  is 
best  at  the  lowest  CH(  concentrations  where  the  deposition  rate  is  low.  This  is  not 
surprising  since  in  dilute  CII4/II0  mixtures,  the  amount  of  H  atoms  relative  to  film¬ 
forming  carbon  species  is  likely  to  be  higher,  thus  allowing  the  more  complete  remo¬ 
val  of  a,g-C  during  diamond  film  growth. 

As  important  as  a,g-C  is  as  a  source  of  contamination,  hydrogen  may  be  more 
important.  Infrared  spectroscopy  is  useful  for  detecting  bound  hydrogen  in  thin 
films,  and  we  have  detected  C-H  in  our  films  by  broad  absorption  bands  centered 
near  2830  cm”  1  and  2920  cm”  !.  These  have  been  assigned  to  the  symmetric  and 
antisymmetric  stretching  modes  of  hydrogen  hound  to  sp  !  carbon.  The  variation  of 
the  integrated  absorption  (normalized  to  constant  film  thickness)  of  these  bands 
with  CH 4  concentration  is  shown  in  Figure  2d.  As  can  be  seen  there  is  a  smooth 
increase  in  hydrogen  incorporation  with  increasing  ('ll 4.  spanning  films  that  arc 
nearly  pure  diamond  (low  CII4)  to  a  film  that  is  non-diamond  (3%  OH4,  see  above). 
Using  the  C-H  absorptivity  reported  for  hydrogenated  silicon  carbide  films 
(1.7x10s*  cm”2)5  ami  the  atom  density  of  diamond  (1.70x10”’  cm”  ’),  wc  estimate 
the  C-H  concentrations  of  Figure  2d  range  from  a  low  of  0,1  at- *7,  for  feeds 


containing  <1%  CH  4  to  1  at-%  at  3%  CH4.  Based  on  our  present  understanding 
of  the  mechanism  of  diamond  film  growth,  this  trend  is  not  unusual.  Since  one  key 
role  of  atomic  hydrogen  is  to  abstract  hydrogen  and  form  carbon-centered  radical 
sites  both  in  the  gas  phase  and  on  the  surface  of  the  film,  increased  CH4  concentra¬ 
tion  will  tend  to  deplete  the  system  of  atomic  hydrogen.  This  results  in  incomplete 
removal  of  C-H  on  the  growing  surface  and  inclusion  of  these  "defects"  in  the  crys¬ 
tallites. 

Generally,  for  most  dielectrics  used  in  devices,  hydrogen  concentrations  less 
than  1%  tend  to  be  benign  for  low  voltage  applications.  Thus,  diamond  deposited 
under  the  present  conditions  using  CH4  feeds  less  than  about  1.-1%  may  be  suitable 
for  laser  heat  sink  applications.  Applications  involving  high  potentials,  high  fre¬ 
quencies,  or  exposure  to  ionizing  radiation  may  require  films  with  lower  hydrogen 
concentrations.  However,  our  analysis  here  is  deliberately  conservative,  erring 
toward  higher  concentrations  of  hydrogen  in  the  diamond.  The  smooth  transition  in 
C-H  content  as  carbon  allotrope  changes  suggests  that  the  hydrogen  may  he  concen¬ 
trated  at  grain  boundaries  in  a-C  rather  than  in  the  crystallites  themselves.  Thus, 
hy  developing  chemistries  that  minimize  a,g-C  formation  we  might  expect  consider¬ 
able  improvement.  One  possibility  is  the  use  of  additives  such  as  oxygen  and  some 
preliminary  results  are  presented  in  the  next  section. 

Effects  of  Oxygen 

Generally,  oxygen  additions  appeared  to  improve  film  quality,  particularly  in 
terms  a  spectroscopic  purity  based  on  FTIR  and  Raman  data.  For  example,  using  a 
2%  CH4  feed  composition  adding  0.6%  oxygen  reduced  the  hydrogen  concentration 
of  the  film  from  about  1.0  at-%  to  0.8  at-%.  Further  increases  -,n  O.,  concentration 
resulted  in  only  a  minor  improvement,  leveling  off  near  0.7  at-%  hydrogen  for  1% 
added  oxygen.  Also,  with  methane  feeds  greater  than  2%.  we  consistently  were  able 
to  deposit  diamond  rather  than  a,g-C  when  oxygen  was  introduced  along  with 
methane.  However,  we  also  noted  that  oxygen  tended  to  suppress  the  deposition 
rate  as  well.  By  making  the  assumption  that  addition  of  oxygen  did  little  more  then 
consume  carbon  through  the  net  reaction 

C  +  Oa  -►  CO.,  (2) 

we  find  strong  correlations  between  the  growth  rates  and  film  properties,  with  and 
without  oxygen.  Since  CH4  is  the.  primary  source  of  carbon  in  our  system  the 
difference  [%Cil4  —  %02]  has  been  found  to  a  useful  metric  for  making  these 
correlations.  The  dependence  of  the  deposition  rate  on  this  effective  methane  con¬ 
centration  (=[%CH4  -  %02|)  is  shown  in  Figure  1  by  the  open  symbols.  Thus,  for 
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example,  a  feed  composed  of  4%  CH4  and  2.2%  02  is  plotted  as  an  effective 
methane  concentration  of  1.8%.  For  completeness,  the  number  within  the  symbol 
gives  the  true  CH concentration  in  the  feed.  As  can  he  seen,  the  agreement  with 
the  CH4-only  data  is  good  over  the  range  or  CH4  concentrations  actually  used 
0.9  -  3.9  %.  In  fact,  a  least-squares  fit  of  this  data  yields  a  correlation  coefficient  as 
good  as  the  CH4-on!y  data  with  a  overall  rate  (0.222  pm/hr  per  j  '"c  Cl  i ,  —  *7  O  ,  j) 
within  10%  of  the  CIl4-only  data. 

Moreover,  when  stress,  Raman,  and  FTIR  data  for  Films  deposited  with  oxygen 
are  plotted  using  this  metric,  they  tend  to  cluster  around  the  CH.ponly  data  and 
exhibit  similar  trends.  This  is  shown  by  the  open  symbols  in  Figures  2b  -  2d.  There 
is  too  much  scatter  in  the  roughness  data  for  Hlms  grown  with  added  O >_>  (Figure  2b. 
open  symbols)  to  draw  the  same  conclusion;  however,  films  were  always  rougher 
than  predicted  solely  from  the  CH4  content  of  the  plasma.  It  Is  clear  from  the 
present  results  that,  with  the  exception  of  surface  roughness,  the  properties  of  the 
CVD  diamond  films  are  improved  by  lowering  the  growth  rate  whether  by  reducing 
CH4  concentrations  or  by  adding  03  to  methane-rich  feeds. 

SUMMARY 

Polycrystalline  diamond  films  have  been  deposited  on  (100)  silicon  wafers  by 
microwave  enhanced  chemical  vapor  deposition  gas  mixtures  of  ( 'll  4  and  ()_>  in  1 1 
at  -10  Torr  and  925  *  C.  These  have  been  characterized  as  a  function  of  t'll4  J0.2- 
4%]  and  02  [0-3%)  concentrations  by  measurements  of  deposition  rate,  stress,  sur¬ 
face  roughness,  morphology,  and  impurity  levels  (C-U  and  a,g-C).  Deposition  rates 
varied  from  0.15  to  0.74pm /hr.  RMS  surface  roughness  [<  3000  A]  appears  accept¬ 
able  for  heat  sink  applications  calling  for  fdrn  thicknesses  under  20  -  30  pm;  how¬ 
ever.  tensile  stress  levels  |>  6xl()q  dyn  cm-  ’]  must  be  reduced  to  improve  adhesion 
and  permit  further  processing. 

Addition  of  oxygen  tends  to  reduce  impurity  levels  in  the  diamond  Films:  how¬ 
ever,  this  is  accompanied  by  a  reduction  in  deposition  rate.  When  an  effective  Cl  1 4 
concentration  [=  %CH4  —  %02|  is  used  as  a  metric  for  02-oont uining  feed  compo¬ 
sitions,  deposition  rates  as  well  as  film  properties  are  found  to  agree  well  with  those 
obtained  in  the  absence  of  O-, .  Thus,  1%  CH4  in  hydrogen  is  nearly  equivalent  to 
4%  CH4,  3%  O 2  in  hydrogen  as  feed  compositions  for  depositing  diamond. 
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ABSTRACT 


We  have  deposited  diamondlike  carbon  (DLC)  films  on  a  variety  of  substrates 
from  25°  C  and  higher.  The  effects  of  deposition  temperature  on  the  properties  of 
DLC  films  deposited  by  a  conventional  laser  ablation  technique  are  compared  with 
that  of  a  unique  laser-plasma  deposition  scheme.  The  calculated  values  of  ne)f, 
the  effective  number  of  valence  electrons,  suggest  that,  with  the  increase  in  the 
deposition  temperature,  the  diamondlike  component  (sp3  bonds)  remains  invariant 
for  the  laser  deposited  samples,  and  increases  for  the  laser-plasma  deposited 
films.  Raman  measurements  show  that  the  Raman  allowed  'G'  band  upshifts  to 
-1600  cm'1  for  both  deposition  schemes.  However,  the  disorder  induced  'O'  band 
remains  invariant  at  -1370  cm"1  for  the  laser  ablated  samples,  and  downshifts  to 
-1350  cm"1  for  the  laser-plasma  deposited  samples.  These  results  suggest  a 
correlation  between  the  diamondlike  content  (sp3  bonds)  and  the  Raman  shift  of 
the  'D'  band. 

I.  INTRODUCTION 

The  laser  deposition  process  manifests  nonequilibrium  features  during 
deposition  such  as  atomically  and  electronically  excited  (as  well  as  ionized) 
species  and  fast  quenching,  which  lead  to  the  formation  of  films  in  metastabie 
states  with  unique  properties.  Malshe  et  al  [1]  and  others  [2,  3]  have  shown  that  the 
physical  evaporation  of  graphite  atoms  has  resulted  in  the  deposition  of  hard 
diamondlike  films.  Herein,  it  is  shown  that  further  nonequilibrium  features  can  be 
incorporated  into  laser  ablated  plasma  by  coupling  capacitively  stored  energy  to 
the  laser  ablated  spot  in  synchronism  with  the  laser  pulse.  Uniform  depositions 
over  a  significantly  larger  area  are  characteristic  of  this  deposition  technique,  and 
the  amorphous  hard  carbon  films  deposited  by  this  method  show  improved  optical 
properties  as  well  as  increased  hardness  as  compared  to  films  deposited  by  the 
conventional  laser  ablation  method  [4).  These  improvements  result  from  an 

increase  in  the  sp3  to  sp2  ratio  in  the  DLC  films,  as  estimated  from  ne^  values 
originally  derived  by  Sawides  [5]. 

Briefly,  since  most  it  ->  it*  transitions  occur  at  energies  below  -7  eV,  and  a  -> 
c*  transitions  make  no  contributions  below  -  9eV,  it  is  possible  to  estimate  the 
fraction  of  sp2  bonds  (and  hence  sp3  bonds  =  1  -  sp2)  using  'nej)‘  data  at  energies 

’Current  address:  706  Southwinde  Dr.,  Bryn  Maur,  PA  -  19010. 


Mat.  Res,  Soc.  Symp.  Proc.  Vq|.  250.  1992  Materials  Research  Society 


368 


below  5  eV.  The  contributions  of  the  n  ->  n*  transitions  as  calculated  for  graphite 
and  a  ->  a*  transitions  as  determined  for  diamond  are  shown  in  Fig  1  [5]. 

The  DLC  films  are  characterized  by  spectroscopic  ellipsometry  and  Raman 
scattering  spectroscopies. 

II.  FILM  PREPARATION  BY  LASER  ABLATION 

The  simplest  scheme  for  the  laser  deposition  of  DLC  films  is  the  direct  ablation 
of  a  graphite  target.  The  apparatus  used  for  laser  evaporation  and  deposition 
consists  of  a  chamber  maintained  at  a  base  pressure  of  10'6  torr.  The  substrates 
were  single  crystal  silicon  mounted  on  a  heater.  The  target  was  a  mostly  single 
crystal  mineral  graphite.  The  laser  used  for  these  experiments  was  a  XeCI  excimer 
laser  (X  =  308  nm,  Pulse  width  =  40  nsec)  at  a  constant  fluence  of  -5  J/cm2 
(estimated  power:  ~  1 .25  x  10®  W/cm2).  The  substrate  to  target  distance  was  ~  3.0 
cm. 

A.  Optical  Properties 

The  optical  properties  of  the  DLC  films  on  <100>  Si  substrates  were  analyzed 
by  spectroscopic  ellipsometry.  Briefly,  an  automated  rotating  analyser  ellipsometer 
with  a  Xe  lamp-monochromator  combination  for  producing  a  spectrally  separated 
probing  beam  lor  sample  analysis  was  used.  A  two  phase  ambient-substrate  model 
was  adequate  to  compute  the  refractve  index,  ’n\  and  the  extinction  coefficient,  'k'. 

The  refractive  index  'n'  of  films  deposited  at  25°,  50“  and  100°  C  are  shown  in 
Fig.  2  (a).  The  'n‘  values  are  smoothly  varying  as  a  function  of  hv,  which  is  typical 
for  amorphous  materials  possessing  short  range  order  (SRO).  It  is  interesting  to 
note  that  the  films  show  little  difference  in  'n'  as  a  function  of  increasing  substrate 
temperature.  The  imaginary  part  of  the  refractive  index  also  known  as  the  extinction 
coefficiem  is  shown  in  Fig.  2  (b).  The  sequence  of  curves  are  smoothly  varying  with 
hv.  The  results  for  neff  are  shown  in  Fig.  2  (c),  and  indicate  a  diamondlike  content 

(sp3  bonds)  of  65%,  65%  and  63%  for  the  films  deposited  at  25°.  50°  and  100°  C 
respectively. 

B.  Structural  Properties: 

Raman  characterization  was  carried  out  with  an  Ar-ion  laser  (2.41  eV)  in  the 
usual  Raman  scattering  geometry.  The  incident  power  at  the  substrate  was  below 
70  mW.  The  Raman  spectra  with  the  'D'  and  'G'  bands  are  shown  in  Fig.  3  (a-c  )  for 
DLC  films  deposited  at  25°,  100°  and  500°  C.  The  Raman  bands  were 
deconvoluted  into  the  'D'  for  disorder  mode  and  'G'  for  the  Raman  allowed  bands 
using  Gaussian  fits  for  the  spectra.  The  ’D’  band  has  been  attributed  to  scattering 
by  disorder  activated  optical  zone  edge  phonons  and  the  'G'  band  to  graphitic 
optic  zone  center  phonons  [6]. 

The  calculated  curve  for  the  25°  C  deposition,  shows  an  excellent  fit  to  the  data 
(Fig.  3  (a)).  A  broad  spectra  is  observed  showing  the  Raman  allowed  'G'  band  at 
-1537  cm-1.  The  disorder  induced  'D'  band  with  a  smaller  intensity  is  observed 
near  1400  cm'1.  The  calculated  curve  for  the  100°  C  deposition  also  shows  an 
good  fit  to  the  data.  The  ’G’  band  has  upshifted  to  -  1555  cm'1  and  the  'D'  band 
has  downshifted  to  -  1370  cm'1 .  The  spectra  at  500°  C  exhibits  a  'G'  band  with  a 
narrower  half  width  upshifted  to  -  1 596  cm'1 ,  moreover  the  'D'  band  with  higher 
intensity,  is  now  evident  near  -  1373  cm'1.  In  other  words,  no  change  was 
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Laser  Ablated  DLC  Films 


Laser  Ablated  in  Vacuum 


Fig  1.  The  effective  number  of 
valence  electrons,  nef5,  per  carbon 
atom  taking  part  in  optical  transitions 
vs  photon  energy.  Curve  G 
represents  graphite,  curve  D 
represents;  diamond.  The  dashed 
curve  shows  the  it  component  for 
graphite. 


Fig  2.  Optical  properties  of  DLC  films 
deposited  by  laser  ablation, 
showing  the  effects  of  increasing 
substrate  temperature,  (a)  Refractive 
index  values  'n\  show  little  change, 
(b)  Extinction  coefficient  shows 
slight  increase,  and  (c)  nejf  values 
for  the  25°,  50“  and  100“C  films.  The 
estimated  sp3  bonding  are  65%, 
65%  and  63%  respectively. 
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Fig  3.  Raman  spectra  of  DLC  films 
deposited  by  laser  ablation  of 
graphite,  at  substrate  temperatures 
of  (a)  25°,  (b)  100°  and  (c)  500°  C. 
As  substrate  temperature  increases, 
the  'G'  band  upshifts  to  ~1600cnT^, 
however,  the  ‘D’  band  is  relatively 

constant  at  ~1 370  cm"^ . 


Photon  Energy  (eV) 


Laser*Pla$ma  1,1  Vacuum 


Fig  4.  Opt'cal  properties  for  DLC 
films  deposited  by  a  laser-plasma 
hybrid  scheme,  showing  the  effects 
of  increasing  substrate  temperature, 
(a)  Refractive  index  'n',  decreases  in 
value,  (h)  Extinction  coefficient 
values  are  lower  than  the  laser 
ablated  DLC  films,  (c)  neff  values 
for  the  25°,  100°,  300°  and  500°  C 
films.  The  estimated  sp3  bonding 
are  77%,  81%  and  86% 

respectively. 


371 


observed  in  the  'D’  band  position  over  a  400  degree  increase  in  substrate 
temperature  whereas,  the  ’G  band  upshifted.  The  discrepancy  in  the  calculated  fit 
and  the  data  is  due  to  a  broadening  of  the  tails  of  the  'D'  band.  A  similar  tail 
broadening  has  been  observed  in  the  Raman  spectra  of  highly  defective  CVD 
diamond  films  and  has  been  ascribed  to  regions  of  sp3  adjacent  to  sp2  bonded 
carnon,  whereas  the  central  peak  arises  from  regions  of  sp3  further  away  from  sp2 
structures  [7], 

III.  FILM  PREPARATION  BY  A  LASER-PLASMA  HYBRID  TECHNIQUE 

In  the  new  laser  ablation/plasma  hybrid  technique  a  0  5  pF  capacitor,  placed 
outside  the  vacuum  chamber  is  connected  by  feedthroughs  between  a  20  mm- 
diam  graphite  ring  electrode  (0.65  cm  from  the  target)  and  the  graphite  target.  The 
capacitor  is  charged  to  1.5  KeV  by  a  stabilized  DC  source.  Synchronously  with  the 
impingement  of  the  laser  pulse  on  the  target,  the  capacitor  is  automatically 
discharged  and  a  large  discharge  plume  which  extends  from  the  ablated  spot  to 
the  ring  and  beyond  upto  the  substrate  is  formed.  The  inductance  of  the  capacitor¬ 
ring-target  circuit  was  not  very  critical  to  discharge  the  capacitor.  Details  of  the 
experimental  setup  have  been  described  elsewhere  [6],  A  KrF  laser  (  X  =  248  nm, 
Pulse  Width  =  40  ns  )  was  used  at  10  Hz  repetition  rate  to  give  a  power  density  of 
-1  x  108  W/cm2  at  the  target  surface. 

A.  Optical  Properties 

The  refractive  index  'n'  as  a  function  of  photon  energy,  (or  substrate 
temperatures  25°,  100°,  300°  and  500°  C  are  shown  in  Fig.  4  (a).  The  results 
show  a  family  of  curves  that  display  a  clear  dependence  of  'n'  on  substrate 
temperature.  The  DLC  films  deposited  at  25°  C  shows  the  highest  ’n'  values,  and 
that  deposited  at  500°  C  the  least.  The  spectral  dependence  of  'k'  ,  the  imaginary 
part  of  the  complex  refractive  index,  (also  known  as  the  extinction  coefficient),  is 
shown  in  Fig.  4  (b).  The  n0ff  values  are  shown  in  Fig  4  (c).  The  sp2  ratios  are 
estimated  to  be  77%,  81%  and  86  %,  for  the  films  deposited  at  100°.  300°  and  500° 
C,  respectively. 


B.  Structural  Properties 

The  Raman  spectra  of  the  laser-plasma  deposited  samples  in  a  vacuum 
ambient  of  10'3  torr  are  shown  in  Fig.  5  (a-c).  The  depositions  were  done  for 
substrate  temperatures  of  25°,  300°  and  500°  C  and  the  effects  are  dearly  revealed 
through  the  variations  in  the  Raman  spectral  profiles. 

The  Gaussian  deconvolution  exhibits  excellent  fits  for  the  films  deposited  at  25° 
and  30 0°  C.  In  the  500°  C  film,  the  'G'  band  shows  an  excellent  fit  on  the  high 
energy  side,  however,  a  difference  is  observed  between  the  deconvoluted  spectra 
and  the  experimental  curve  for  the  'D'  band. 

On  increasing  the  substrate  temperature  the  ’D’  band  downshifts  to  1350  cm"1 
and  the  'G'  band  upshifts  to  1600  cm"1.  Moreover  the  halfwidths  of  both  bands 
decrease,  suggesting  a  local  ordering  of  the  sp3  and  sp2  bonding  components  of 
the  DLC  films  to  perhaps  intermediate  range  ordering.  The  'O’  band  increases  in 
intensity,  relative  to  the  Raman  allowed  'G'  band.  The  biggest  indicator  of  change 
however  is  the  large  'D'  band  shift.  In  the  DLC  films  deposited  by  laser  ablation  the 
'D'  band  shift  was  minimal. 
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IV.  CONCLUSIONS 


Two  deposition  schemes  were 
utilized  for  the  deposition  of 
diamondlike  carbon  films.  The  first  and 
simplest  was  the  laser  ablation  of 
graphite  to  form  diamondlike  carbon 
films,  using  a  medium  intensity  XeCI 
excimer  laser.  The  second  technique 
used  a  novel  hybrid  laser-plasma 
scheme  wherein  the  the  additional 
charge  from  a  capacitor  was  added  to 
the  ablated  vapor  plume. 

The  most  interesting  factor  in  the 
optical  measurements  concerns  the 
change  in  the  effective  number  of 
valence  electrons,  ne(j.  With  increasing 
deposition  temperature,  the 

diamondlike  component  (sp3  bonds) 
was  invariant  for  the  laser  ablated  films 
and  increased  for  the  films  deposited  by 
the  laser-plasma  technique. 

In  both  the  deposition  schemes  the 
Raman  allowed  'G'  band  upshifted  with 
increasing  deposition  temperature. 
However,  in  the  films  deposited  by  the 
laser  ablation  technique,  the  'D'  band 
remained  invariant  and  in  the  films 
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deposited  by  laser-plasma  ablation,  the 
'D'  band  downshifted.  Based  on  these 
observations,  one  could  suggest  that 

the  '0'  band  shift  is  indicative  of  the  sp3 
concentration 
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Fig  5.  Raman  spectra  for  DLC  films 
deposited  by  laser-plasma  hybrid 
scheme,  at  substrate  temperatures 
of  (a)  25.  (b)  300  and  (c)  500  C 
The  'G'  band  shows  an  upshift  in 
values  to  -1600  cm‘l,  however,  the 
'D'  band  downshifts  in  value  to 
-1350  cm'1 . 
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